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ABSTRACT

Capillary-driven transport in porous media is a crucial phenomenon that underpins various
natural processes and technology applications, such as paper-based microfluidics, lateral
flow assays, and cost-effective diagnostic platforms. Further studying the effects of solute
concentration, multiphase dynamics, fluid rheology, and reaction-transport coupling on
capillary imbibition on fibrous porous substrates is crucial for the methodical development
of efficient paper-based devices. This dissertation systematically examines capillary
transport phenomena in paper-based porous media through experiments, analytical
modeling, and numerical simulations, focusing on permeability, immiscible pore-scale
dynamics, non-Newtonian fluid behavior, and optimization of lateral flow assays.

The first objective emphasizes on concentration-dependent solute imbibition in gel
blot paper. The capillary wicking of aqueous dye solutions at different concentrations is
examined through both experimental and analytical methods employing a Brinkman-
extended Darcy framework. A modified permeability equation is presented to incorporate
solute-pore interactions, facilitating estimation of concentration-dependent effective
permeability from empirical data. The findings indicate that both wicking length and
permeability decrease at lower solute concentrations and increase at elevated
concentrations, attributable to the competing influences of flow resistance and capillary
pressure rise caused by pore obstruction. The utilization of thick paper substrates enables
direct observation of the progressing fluid front, demonstrating clear changes in interfacial
angle during imbibition. Capillary pressure and permeability parameters, dependent on
saturation, are empirically determined using Brooks-Corey correlations and integrated into
Richards’ equation for numerical simulations. The predicted saturation levels demonstrate
strong concordance with experimental findings, creating a solid foundation for modeling
solute-driven imbibition in paper-based porous media.

The second objective addresses immiscible interfacial transport and passive
generation of droplets in paper microfluidic systems. A cost-effective, external actuation
free method for droplet generation has been devised utilizing a Y-shaped paper strip,
wherein oil droplets are produced within a water and oil wicking medium via capillary
action. Experiments are conducted by altering paper grade and inclination angle to
investigate their impact on droplet size and transport. Capillary pressure of Grade 1 paper
surpasses that of Grade 4 paper at elevated saturation levels, facilitating the generation of
smaller droplets due to diminished pore size. Droplet generation proceeds via pore-scale
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merging and elongation mechanisms influenced by water-induced capillary forces, while
gravitational effects enhance droplet size homogeneity. Three unique regimes of temporal
droplet generation were identified based on the behavior of capillary pressure dependent
on saturation. The temporal stability of the generated droplets has been established,
indicating that they are useful for chemical and biological studies including micro- and
nanoscale analytes.

The third objective investigates the combined effect of fluid rheology and analyte
entrapment on wicking behavior in paper-based lateral flow experiments employing
NaCMC solutions and human blood as non-Newtonian fluids. Saturation-based numerical
modeling is conducted with experimentally determined effective viscosity and Brooks-
Corey parameters. Increasing NaCMC concentration results in augmented liquid entry
pressure and increases the flow heterogeneity, alongside decreased wicking velocity and
length. Raman spectroscopic study indicates that higher NaCMC concentrations lead to
enhanced hydrogen bonding, as seen by increased hydroxyl group intensity, which
significantly elevates the effective viscosity within the paper matrix. The effective viscosity
ratio is observed to be below unity for reduced NaCMC concentrations over extended
durations, attributed to predominant shear-thinning activity. Analyte trapping study reveals
that diffusion and interception mostly govern particle retention while imbibition, whereas
inertial processes are insignificant. Both diffusion and overall trapping efficiency
demonstrate a non-monotonic relationship with NaCMC concentration, with increased
concentrations resulting in lower ideal test-line positions on the test strip. In human blood,
an increase in hematocrit decreases wicking velocity and length while augmenting effective
viscosity, exhibiting non-monotonic temporal fluctuation. The optimal arrangement of test
lines is established by a criterion based on the critical Damkéhler number, offering
quantitative design instructions for effective lateral flow experiments.

The fourth objective outlines the development and validation of a paper-based
lateral flow assay for the quick, economical colorimetric identification of methanol in
alcoholic drinks. A Grade 1 paper microfluidic strip with dry-stored chemical reagents is
engineered for portable and straightforward testing. The detection of methanol is
accomplished by a chromotropic acid-based colorimetric technique, resulting in a
pronounced purple colour. Experimental validation confirms accurate detection of
methanol concentrations between 5% and 30% (v/v) utilizing minimal sample volumes.
Integrated experimental and numerical analyses are performed to investigate wicking
dynamics and reaction kinetics, resulting in the development of a normalized colorimetric

iv
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index for methanol measurement. The index has been verified through the use of both
branded and locally manufactured alcoholic beverages, validating the dependability of the
suggested detection method.

This dissertation offers a comprehensive knowledge of capillary transport in paper-
based porous media by correlating pore-scale physics with device-level performance. The
results provide empirically based design principles for paper microfluidic devices and
lateral flow assays that manage non-Newtonian fluids, multiphase transport, and integrated
reaction-transport processes.
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Ps; pressure for the saturation level

Krse, permeability ratio of wetting phase
Krse, permeability ratio of non-wetting phase
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i interception trapping efficiency

NN inertial trapping efficiency

Mo overall theoretical trapping efficiency
a trapping probability

Uo Zero shear rate viscosity
Hoo Infinite shear rate viscosity
A Relaxation time parameter
U Dynamic viscosity

p Density

o Surface tension

y Shear rate

@ Phase field order parameter
Y Free energy density

€ Interface thickness

X Mobility tuning parameter
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Schematic representation of (a) Capillary imbibition in a paper-
based porous substrate, illustrating liquid dispensing at the intake
and capillary-driven transport through the fibrous pore network,
accompanied by a propagating wetting front; (b) A paper-based
lateral flow assay (LFA), depicting the sample pad, conjugate
pad, nitrocellulose membrane including test and control lines, and
the absorbent pad, displaying capillary-driven lateral flow across
specified assay regions.

3D schematic of the T-shaped paper channel (width = 0.8 mm)
illustrating geometry and boundary conditions. No-slip is
imposed at the bottom wall (y=0), and a no stress jump condition
is applied at the upper surface (y=h).

T- shape paper strip showing the rectangular well to minimize the

inertial effect at the inlet of long rectangular paper strip in the
right side. This rectangular shape of long paper strip allows faster
imbibition dynamics as compared to the other complex paper
strip shapes according to the result obtained by Perez-Cruz et al.
(2017a).

(a) The schematic of the experimental setup showing the porous
strip as the test specimen on a table with liquid dispenser to insert
the food dye solution inside the porous domain. The Scott LED
light is used to illuminate the side view of the strip while Nikon
Z50 and Canon EO5 5D Mark Il camera are used to record the
side view and top view of the test paper strip, respectively. The
zoomed view of the specimen showing the side view is shown in
the inset, (b) (i) The pore size distribution in terms of equivalent
pore radius of circular areas of (ii) gel blot pores.

The flow chart representing the estimation of concentration-
dependent permeability from the experimental data using the
mathematical model.

Plot showing the temporal variation of the length of the fluid
filling column with Milli-Q water as the reference test fluid.

(@ Temporal variation of wicking length for different
concentrations of food dye in deionized water, (b) the depiction
of decrease in wicking length with concentration in Regime-I: 0
- 0.5 % (w/v), (c) the depiction of increase in wicking length with
concentration in Regime-II: 0.5 - 2 % (w/v). (d) The variation of
wicking length of the food dye solution at various concentrations
of food dye in DI water for different time instants, (e)
Experimental contours of side view of wicking developments at
time = 10 s at various food dye concentrations.

(a) Schematic representing the top and side view of liquid front,
(b) the variation of angle of fluid front with respect to bottom wall
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at different wicking length (or time) when food dye concentration
is 2 % (w/v), and (c) experimental contours of wicking
developments at different wicking length (or time) when food dye
concentration is 2 % (w/v).

The representation of the change in angle of the moving fluid
front in the paper strip.

(a) The variation of effective permeability( K) of the porous strip

with respect to various concentrations of food dye (C), the
experimental fit of permeability in (b) in Regime-lI and (c)
Regime-1l. The expression of permeability in Regime-I and
Regime-1I are obtained as K = pC? + qC +r in m? and K =
sC?> +tC +u in m?, with R? =0.99. Here, p = —2.21 X
10712,  q=-3.785x10",r = 1.689 x 107 12s = —3.634 X

10713, ¢t = 1.398 x 10712 and u = 3.386 x 10713,

(a) Variation of capillary pressure obtained from experiments by
varying the normalized saturation of the liquid in the paper by
varying the food dye concentration. (b) The comparison of
contours of liquid saturation obtained by the experimental and
numerical results when food dye concentrations are 0.2 % (w/v),
0.5 % (w/v) and 2 % (w/V).

Variation of axial saturation level in paper strip by varying the
food dye concentration for the time instant 10 s.

(@) Hlustration depicts the experimental setup and data analysis
for droplet generation using a paper substrate, (b) the glass
substrates are angled using acrylic base for studying effect of
different paper substrate positions on droplet generation, (c) Top
view of experimental arrangement with ongoing droplet
generation, (d) zoomed view of the generated droplets in the petri
plate.

The mechanism showing the oil droplet generation under the
interaction of detaching and retaining forces.

(a) Schematic of the solution domain showing the governing
transport equations and the appropriate boundary conditions. (b)
SEM image of the Grade 4 paper showing the converging-
diverging passage in pore structure.

Grid Convergence test at different values of Cahn number.
Variation of saturation-dependent capillary pressure (using
double integral method) obtained via rotation effect for (a)
Whatman® Grade 4 paper with Milli Q water, (b) Whatman®
Grade 4 paper with mixture of mineral oil and Milli Q water and
(c) Whatman® Grade 1 paper with mixture of mineral oil and
Milli Q water.
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(a) Schematic depiction of the set-up for oil droplet generation
using a Y-shaped Grade 4 paper strip: Microscopic zoomed view
of the oil droplet transport in (b) Region 1, (c) Region 2, (d)
Region 3 and (e) inside the petri plate at the outlet of the paper
strip.

(@) Real-time flow images corresponding to Region 2 of Y-
shaped Grade 4 paper strip showing the temporal evolution of oil
droplets in the porous paperat (@) t=0s, (ii)t=1s, (ili)t=2s
and (iv) t = 4 s showing the elongation and merging of oil
droplets. (b) The clear view of temporal oil droplet merging and
elongation in paper-based porous media. (c) Contact angle
obtained for Milli Q water and oil droplet on Grade 4 paper at the
end of 80 ms after the contact in air. (d) Contact angle depiction
of oil droplet at pore surface in water medium obtained from
microscopic image (e) Droplet size prediction from numerical
simulations consistent with the phase-field model for Grade 1 and
Grade 4 paper pores.

(a) Distribution of the minima pore size obtained from (b) SEM
image. (c) Droplet generation obtained from the numerical
simulation by varying rp in 2D and 3D view. (d) Variation of
normalized droplet curvature radius (rq/dp) after throat by varying
the throat radius which is nearly consistent with Roof
criteria.(Roof 1970)

Plots showing the distribution of number of droplets collected
and its size in the petri plate generated from the microporous
structure of the paper strip when (a) paper channel is horizontal,
(b) paper channel is 10° with the horizontal, (c) tabulated Bond
number values (Bo) for Grade 1 and Grade 4 paper at different
inclination angles (0° and 10°).

Effect of channel inclination angle on droplet generation: (a) 6 =
0°, (b) 6=5°,(c) 6=10°, and (d) 6 = 20°

Plots illustrating the distribution of number of droplets collected
in the petri plate by the microporous structure of the paper fiber.
Images were obtained for three different widths of the oil inlet
arm of the "Y' channel, (a) 3 mm, (b) 4 mm, and (c) 5 mm. Here,
Grade 1 paper has been used to generate the droplets.

Effect of paper dimension on droplet generation: (a) 5 mm, (b) 4
mm, (c) 3 mm. Droplet size decreases significantly as channel
width decreases.

(a) The change in cumulative number of the droplets in petri plate
over each 5 s for Grade 1 paper strip with an inclination of 10°;
(b) Plot depicting the number of droplets collected in petri plate
for each 5 s using Grade 1 paper strip.
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Figure 4.2
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Plots depicting the distribution of the number of droplets
collected and droplet size in the petri plate and inset SEM images
for: (a) Grade 1 paper channel with 10° inclination and (b) Grade
4 paper channel with 10° inclination. (c) Dimensionless axial
surface tension contours for Grade 1 and Grade 4 pores, (d)
Dimensionless pressure field contours for Grade 1 and Grade 4
pores.

(a) Temporal visualization of generated droplets with change in
inclination, (b) temporal variation of generated droplet with
change in paper type.

The microscopic image of a single droplet shows the
encapsulated micro particle in the mineral oil droplets (left). The
right-side microscopic image shows multiple oil droplets with
micro particles in the center of the oil droplets.

Images depicting oil droplets stained with Nile Red, successfully
separated in a 96-well culture plate. The droplets retain their
spherical form and exhibit prolonged stability for 5 hrs, verifying
their suitability for further use.

Schematic diagram of the experimental set-up depicting the
wicking of non-Newtonian NaCMC solution and human blood in
a gel blot paper strip placed on a glass slide with an acrylic well
for filling the solution into it. Schott LED light is used to
illuminated the test set-up and Nikon Z50 mirrorless camera
mounted on a tripod is used to record videos of the wicking
phenomenon. Three different concentrations of NaCMC
solutions- 0.2 % (w/v), 0.3 % (w/v) and 0.45 % (w/v), mixed with
0.05 % (w/v) food dye and human blood samples of three
different hematocrit levels are taken for the experiments. Note
that food dye is used for easy visualization of the liquid wicking
in the paper strip.

Schematic illustration of porous paper-strip and its projected
cross-sectional domain taken for the analytical solution. Also, the
boundary condition taken at the bottom and top part of the paper
strip is mentioned.

(a) Variation of liquid normalized saturation (S,) dependent
capillary pressure obtained from centrifugal experiments by
varying the NaCMC concentration (Cyqcumc)- The variation of (b)
entry pressure (p,,,) and (c) degree of heterogeneity (1) in the
porous gel blot paper strip with respect to various concentrations
of NaCMC (Cyacmc)is shown. The experimental fit expression
for entry pressure (p.,) and degree of heterogeneity (4,) is
obtained as: p., = AC3,cmc + BCyacmc + C in Pa with R =
0.97and A, = DCZycmc + ECyacuc + F With R? = 0.99. Here,
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A =780, B=8672, C=-7147, D =-0.001979, E =
—0.002276 and F = 0.2733. Cyacmc 1S In % wiv (0.1 % wiv =
1 mg/mL).

Raman shift intensity of hydroxyl band (3390 cm™ to 3590 cm™)
for dry gel blot paper, wetter gel blot paper with DI water and at
different NaCMC concentrations.

Temporal variation of (a) effective viscosity in Pa-s and (b)
viscosity ratio for three different NaCMC aqueous solution
concentrations- 0.2 % (w/v), 0.3 % (w/v) and 0.45 % (w/v).
Temporal variation of (a) wicking distance in m, (b) average
velocity (Ugyg) in m/s and (c) food dye particle Peclet number
(Pe) for three different NaCMC aqueous solution
concentrations- 0.2 % (w/v), 0.3 % (w/v) and 0.45 % (w/v).
Comparison of liquid saturation level contours obtained from
experiments and numerical simulations at time, t = 625 s for three
different values of NaCMC aqueous solution concentrations- 0.2
% (w/v), 0.3 % (w/v) and 0.45 % (w/v).

Temporal variation of (a) overall efficiency (n,) and (b)
diffusion efficiency (ng) for three different NaCMC aqueous
solution concentrations- 0.2 % (w/v), 0.3 % (w/v) and 0.45 %
(Wiv).

Variation of normalized concentration (C—) in axial direction for
o

three different NaCMC aqueous solution concentrations- 0.2 %
(w/v), 0.3 % (w/v) and 0.45 % (w/v).

Variation of (a) actual efficiency (n) and (b) trapping probability
(a) in axial direction for three different NaCMC aqueous
solution concentrations- 0.2 % (w/v), 0.3 % (w/v) and 0.45 %
(Wiv).

Contours of Damkdohler number in the plane of reaction of
relevant analytes used in LFA to the wicking length for (a) 0.2 %
wiv, (b) 0.3 % w/v and (c) 0.45 % wi/v for gel blotting paper.

(a) Haematocrit level estimation in Grade 1 filter paper based on
the protocol established by Ram et al.(Ram et al. 2023) (b)
Wicking profile of blood at the different haematocrit level at 310
s after sample loading. Variation of (c) wicking distance and (d)
average wicking velocity of the blood sample at different values
of haematocrit level.

Variation of (a) effective viscosity and (b) viscosity ratio of the
blood sample at different values of haematocrit level using gel
blot paper.

Variation of Raman intensity curve for (a) C-H stretching bond,
(b) O-H stretching bond and (c) C-C stretching bond for blood
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sample at different values of haematocrit level using gel blotting
paper.

Contours of Damkdhler number in the plane of reaction of
relevant analytes in blood sample used in LFA to the wicking
length for (a) 24.75 %, (b) 38.23 % and (c) 48.5 % of haematocrit
level using gel blotting paper.

Schematic diagram of methanol detection on Grade 1 filter paper
by wicking sample Y which interacts with previously dry stored
chromotropic acid and H2SO4. The presence of methanol is
detected by different intensity of color because of the presence of
chromogenic complex.

The top part illustrates computational domain with methanol
complex at the inlet along with the computational reaction zone
(right-side) with dry-stored chromotropic acid and H2SO4
solution. The bottom part depicts of experimental Grade 1 paper
strip along with the dry-stored chromotropic acid and H2SO4
solution in the reaction zone.

Flow chart outlining each step in calculating the normalized color
intensity of the methanol sample with respect to 30 % (v/v)
methanol color intensity at t = 20 s after contact on "Grade 1"
paper. Varying the type of paper used may influence the resultant
color intensity due to the pore size and paper type of the porous
material.

Variation of dynamic viscosity of solution Y with change in
methanol concentration.

The depiction of normalized liquid saturation level of solution Y
at 30 s for 5 % (v/v) and 30 % (v/v) implementing the two-phase
(liquid of solution Y and air). The normalized saturation level of
liquid (solution Y) is defined as the ratio of volume fraction of
liquid (solution Y) present in porous medium to the total pore
volume of that porous medium.

Variation of temporal diffusive Peclet number of 5 % (v/v)
methanol solution during wicking of solution Y on paper strip.
Normalized concentration of chromogen at different methanol
percentage in % (v/v).

Comparison of experimental and simulation result at the end of
20 seconds after contact of solution Y with dry stored
chromotropic acid and H2SOa.

Comparison of normalized intensity of chromogenic complex on
paper for 5 % (v/v) methanol solution. The starting time is
denoted as the moment of initial contact between solution Y,
H.SO4 and chromotropic acid, serving as the reference of time for
all measurements.
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Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14
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Comparison of normalized intensity of chromogenic complex on
paper for 15 % (v/v) methanol solution. The starting time is
denoted as the moment of initial contact between solution Y,
H>SO. and chromotropic acid, serving as the reference time for
all measurements.

Comparison of normalized intensity of chromogenic complex on
paper for 30 % (v/v) methanol solution. The starting time is
denoted as the moment of initial contact between solution Y,
H>SO4 and chromotropic acid, serving as the reference time for
all measurements.

(@ Normalized intensity of chromogenic complex from
experimental data with color indexing, (b) methanol
concentration with change in intensity of chromogenic complex
from experimental data.

A (i, ii, it and iv): Images illustrate the colorimetric testing of a
locally made alcoholic beverage sample in pure form, 5 % (v/v),
10 % (v/v), and 20 % (v/v) additional methanol. Similarly,
images in B (i, ii, iii and iv) denotes the testing of samples of a
pure branded vodka, 5 % (v/v), 10 % (v/v), and 20 % (v/v)
additional methanol.

Comparison of grey scale intensity on paper strip at different
times for solution (with methanol) having with and without
ethanol content.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

This chapter provides an overview of paper-based microfluidics, its applications, and the
fundamental role of capillary imbibition in enabling fluid transport in porous pathways.
This is followed by a concise review of the literature reported in the domain of paper-based
microfluidics. Subsequently, the aim, scope, and structure of the present thesis are outlined

based on the insights gained from the literature review.

1.1. CAPILLARY IMBIBITION

Capillary-driven flow or capillarity is characterized by the movement of a wetting
liquid spontaneously imbibed into pores under capillary pressure. This is a natural
occurring phenomenon in porous systems and includes the rise of groundwater in soil
(Bachmann et al. 2007; Tuller and Or 2004), oil displacement by brine in reservoir rock
(Takahashi and Kovscek 2010; Yang et al. 2019), water transport in plant tissue (Bewley
et al. 2013; Louf et al. 2018), and the diffusion of water into a fabrics/paper. Capillary
imbibition is primarily governed by the microstructure of porous systems, interfacial
tension, fluid properties, and fluid-solid interactions, and it plays a crucial role in
multiphase flow through porous media. Indeed, for more than a century, the mechanisms
of basic static and dynamic processes underlying capillary imbibition in porous systems
have received ongoing attention in both engineering and basic sciences, including
groundwater transportation, petroleum, and civil engineering as well as soil physics,

engineering geology, and building materials.

1.2. PAPER MICROFLUIDICS

Paper as a substrate material has distinct advantages over conventional
devices/systems comprising passive, power-free capillary transport of fluid, enhanced
sensitivity in colorimetric detection owing to high surface area to volume ratio, and the
capability to immobilize and store reagents in the fibrous matrix of the paper (Cate et al.
2015). The surface tension force at the liquid-air-pore interface acts as a driving force for
the underlying flow in paper strips, causing induced capillary action (cf. Fig. 1.1 (a))
(Elizalde et al. 2015, 2016; Gillespie 1959; Patari and Mahapatra 2020a). Notably, paper-
based fluidic assays have emerged as particularly advantageous for deployment in resource-
limited or remote settings, as they exploit passive capillary-driven fluid transport, thereby

eliminating the need for external power sources or bulky equipments (Yager et al. 2006).
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High-performance field-deployable tests are required for public health diagnosis,
veterinary medicine and environmental monitoring applications. A controlling factor in
developing high-performance paper-based devices is the ability to manipulate fluid flow
within the device configuration (Fu and Downs 2017). In 2007, Whitesides’(Martinez et
al. 2007) achieved a major breakthrough by introducing paper patterned with photoresist
for channel formation and the colorimetric detection of glucose and albumin. This
innovation stimulated extensive research owing to the widespread availability of paper, the
simplicity of patterning, and the capacity to facilitate fluid flow and reactions without the
need for external power sources or instrumentation. Robust fluid control is necessary to
functionalize paper as a substrate for quick diagnostic tests with optimum analytical
performance (Byrnes et al. 2013). Researchers have worked on various modifications to
enhance the functionality of paper-based analytical devices, including changes in channel
geometry to adjust flow rates, network topology for sequential delivery of multiple fluids,
on-switches or delays for flow regulation, and spatio-temporal controls for manipulating
rehydrated reagents (Flow et al. 1905; Fu et al. 2012; Lutz et al. 2013; Mendez et al. 2010;
Noh and Phillips 2010). Channel geometry is a key control parameter for fluid transport in
paper-based devices. Modifying the width and length of porous paper pathways allows
deliberate acceleration or retardation of fluid flow under wet-out conditions (Fu et al.
2010). Complex paper shaping has demonstrated success in regulating flow rates, as the
addition of downstream fan-shaped structures after a rectangular strip facilitates quasi-
stationary flow in lateral flow devices utilizing cellulose wicking pads (Mendez et al.
2010). In addition to single-channel geometric control, paper-based devices have been
designed as interconnected networks, where multiple inlets converge at a common outlet
to provide the automatic sequential delivery of various fluids to a detecting region.
Sequential delivery has been accomplished with a Pseudo-1D paper network, including a
linear porous strip coupled with several fluid-filled wells functioning as source reservoirs
(Dharmaraja et al. 2013). Subsequent to these developments, paper-based technologies
witnessed a rapid progress in device design, performance optimization, and widespread
application (Cate et al. 2015; Kumar et al. 2016; Li et al. 2017).

Traditionally, the classical Lucas-Washburn equation (Dimitrov et al. 2007; Heiranian
and Aluru 2022; Steinik et al. 2024) has been used to describe the wicking phenomena in
paper-based porous media. Although the classical Lucas-Washburn model (Gorthi et al.
2020; Washburn 1921) is partially applicable for describing the capillary flow through

bundles of tiny tubes, a fairly accurate mathematical model capturing the intricate flow
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phenomenon in complex porous medium can be framed via Darcy's equation as well
(Aminpour et al. 2018; Masoodi and Pillai 2010a). The L-W equations, which are
appropriate for one-dimensional wicking phenomena, provide a description of time-
dependent wicking length. On the other hand, Darcy's model connects the average fluid
front velocity and pressure gradient in a fully saturated porous medium. Additionally,

numerous studies have explored the dependency of the

(a)
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Figure 1.1. Schematic representation of (a) Capillary imbibition in a paper-based porous
substrate, illustrating liquid dispensing at the intake and capillary-driven transport through
the fibrous pore network, accompanied by a propagating wetting front; (b) A paper-based
lateral flow assay (LFA), depicting the sample pad, conjugate pad, nitrocellulose membrane
including test and control lines, and the absorbent pad, displaying capillary-driven lateral
flow across specified assay regions.

-flow resistive term as both a linear and non-linear function of the velocity field using the
Brinkman-Forchheimer extended Darcy equation (Hsu and Cheng 1990) . However, both
the Lucas-Washburn and Darcy models are deemed valid for full saturation cases. It is
worth to mention here that the capillary pressure in paper-based flow is highly dependent
on the liquid saturation level, and it is because of the liquid saturation fraction dependent
capillary pressure, the Richards model (Patari and Mahapatra 2020b) is deemed pertinent
to predict the wicking phenomenon in paper-based porous media with a certain degree of
accuracy. While the Lucas-Washburn equation has been reported to significantly
overestimate the wicking length, results predicted by the Richards model closely align with

experimental observations. For this part, the Brooks and Corey and van Genuchten models
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(Hassler and Brunner 1945; van Genuchten 1980) are commonly used for establishing
correlations between saturation level and capillary pressures from the experimental data.
However, it is worth noting that the use of Richards' equation for simulating intricate porous
materials is computationally expensive (Farthing and Ogden 2017).

1.3. LATERAL FLOW ASSAY (LFA)

A lateral flow assay (LFA) is a paper-based diagnostic tool engineered for the rapid and
economical detection of target analytes in complicated samples, mostly utilized in point-
of-care diagnostics and field environments (Hu et al. 2014; Ngom et al. 2010). Over the
past few decades, the use of lateral flow assays for qualitative and quantitative diagnosis
have expanded quickly and reached a relatively mature state of technology (Sajid et al.
2015). Their widespread usage can be attributed to advantages including reduced sample
volume requirements, compact size, ease of operation and disease surveillance in both
developing and developed countries (Wang et al. 2017). LFAs operate based on capillary-
driven flow, wherein a liquid sample traverses laterally across a nitrocellulose membrane
that has been modified with unique biorecognition components (Wong and Tse 2008). A
standard LFA test strip comprises a sample pad for sample (and buffer) introduction, a
conjugate pad containing detection reagents, an analytical membrane with immobilized test
and control lines, and an absorbent pad for removal of excess fluid (cf. Fig. 1.1 (b)). The
outcome of an LFA is typically determined by the optical signal produced at the test line
(Bishop et al. 2019). The location of the test line where antigen-antibody interactions take
place is a critical design variable for LFA. Note that efficient antigen-antibody interactions,
which demands a judicial balance between the convective transport of the sample and
reaction kinetics, is crucial for proper sample detection. The axial distance of the test line
between the sample and conjugate pads directly influences reaction kinetics and the
resultant signal strength. The ideal positioning of the test line is significantly affected by
the capillary flow properties of the membrane: membranes exhibiting extended capillary
flow times require the test line to be located nearer to the conjugate pad, while membranes
with rapid flow necessitate relocating the test line further downstream (Ragavendar and
Anmol 2012).

1.4. PERMEABILITY OF THE PAPER-BASED POROUS MEDIA
Permeability (K) within porous media depends on geometric factors, such as pore

connectivity, pore size distribution, pore arrangement, and particle entrainment, transport,
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and deposition within pore systems (Elrahmani et al. 2023; Erol et al. 2017; Pazdniakou
and Adler 2013). Also, partial saturation during the flow of liquid inside the porous media
affects the capillary pressure and the permeability of the porous material as the extent of
saturation changes (Rath et al. 2018a). Van der Westhuizen and Prieur Du Plessis (1996)
and Hommel et al. (2018) represented permeability of a porous medium on the scale of a
representative elementary volume (REV), where an averaging concept is employed to make
details of each pore's geometry non-essential. The effect of permeability on porosity was
investigated by Masoodi and Pillai (2010b) and expressed the involved relations through

several permeability models. The general form of the expression for permeability formulas
isfoundas: K = (er)zf(qb), where, r, and f (¢) are fibre radius and function of porosity

(¢) (Masoodi and Pillai 2010b; Rodriguez et al. 2004). It is noted that the expression for

f(¢) is estimated using theoretical and empirical correlations, assuming porous structure

as bundles of spherical particles and bundles of fibres. Moreover, the classical permeability
¢3

expression, the Kozeny-Carman (KC) equation (Xu and Yu 2008): K = msz, has

been widely used for different types of porous media, as well as; for fibrous paper-based
microfluidics. Here, ¢ and S denote the Kozeny constant and the specific surface area based
on the solid volume, respectively (Xu and Yu 2008). The value of ¢ is found to be 2.5 for
beds packed with spherical particles, however, for complex fibrous geometries, its values
can be obtained experimentally. It is important to note that the KC equation is only suitable

for isotropic fibrous materials. In this context, the expression for transverse permeability

(K _ rpme(1-y1-9)"

PYICEPSIE > as established by Westhuizen, and Plessis (Van der Westhuizen and

Prieur Du Plessis 1996), has been found to be suitable for random unidirectional porous
matrices. Notably, this expression of transverse permeability is appropriate for studying the
wicking phenomenon of water within filter papers (Liu et al. 2015). Furthermore, using
numerical simulations, the influence of particle concentration on permeability in porous
media featuring randomly arranged spherical pores has been investigated. It has been found
that permeability decreases as particle concentration increases (Feng et al. 2020). Recently,
the effect of suspended particle size on permeability in gravel and zeolite columns has been
explored, and it was found that permeability increases as particle size increases (Tang et al.
2020). However, for the porous microfluidic papers-based media, no such attempt has been

made yet.
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15. SATURATION-BASED CAPILLARY PRESSURE IN PAPER-BASED
POROUS MEDIA

In paper-based porous media, capillary pressure is defined as the pressure difference
between the non-wetting and wetting phases and is inherently a function of wetting-phase
saturation. The saturation of the wetting phase varies throughout the porous medium during
fluid imbibition, resulting in a capillary pressure that is not spatially uniform but rather
distributed over the pore network. Conventional interpretations of capillary pressure,
represented by the Hassler-Brunner method, assume a static pressure-saturation
relationship predicated on inlet circumstances, which may insufficiently represent the
dynamic saturation and interface dispersion in heterogeneous paper-based substrates
(Douglas Ruth; Sidney Wong 1991). The Hassler-Brunner model seems to be limited in its
accuracy in estimating the capillary pressure in the centrifuge method, according to
research by Xu et al. (2022). Instead, they proposed a more precise method for estimating
saturation-based capillary pressure in centrifuges, known as the double integral method.

According to the double integral approach, the saturation dependent capillary pressure can
2
be represented as:(Xu et al. 2022) p_ = Apw? (% + 57%) where, 4p is the difference in the

densities of wetting and non-wetting fluids. The parameters R and L represent characteristic
length scales, corresponding respectively to the effective distance from the reference axis
and the length of the porous domain under consideration. Researchers have performed
experiments and developed analytical tool to estimate saturation-level dependent capillary
pressure for describing wicking phenomenon in paper-based porous pathways (Rath et al.
2018b; Rath and Toley 2021; Verma and Toley 2024).
1.5.1. CENTRIFUGE METHOD

To examine capillary pressure as a function of liquid saturation in paper-based
porous media, cellulose-based paper substrates such as Whatman Grade 1 and Grade 4 are
commonly employed in strip geometries. These substrates can be saturated with single-
phase liquids, such as Milli-Q water, as well as with immiscible two-phase systems, for
example, mineral oil-water mixtures, to establish controlled saturation states. Centrifugal
loading provides an effective means of imposing a spatially varying pressure field within
the porous network, enabling systematic modulation of liquid saturation. The resulting
liquid content within the paper substrate may be quantified gravimetrically, and the average
saturation is defined as the fraction of pore volume occupied by the liquid phase relative to

the fully saturated state. Such an approach allows capillary pressure—saturation
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relationships to be examined in fibrous paper networks under well-defined saturation
conditions. An increase in capillary pressure results in a corresponding decrease in wetting-
phase saturation, thereby controlling the relative distribution of the two phases within the
porous network. In the presence of an applied pressure field, capillary pressure exhibits
spatial variation throughout the porous medium, leading to a non-uniform saturation
profile. As a result, the saturation measured through experiments indicates an average value
across the domain instead of a localized measurement, which requires an interpretation of
capillary pressure—saturation relationships that is based on saturation averages (Ayappa et
al. 1989).
1.5.2. BROOKS AND COREY MODEL PARAMETERS

The Brooks—Corey capillary pressure model has been shown to possess a theoretical
foundation rooted in fractal descriptions of pore-space geometry (Li 2010). Furthermore,
the following Brook and Corey correlation is an expression for the relationship between

capillary pressure and normalized saturation (S,) (Hassler and Brunner 1945; van

Genuchten 1980):p, = penS_e_ﬁ, where, the Brook and Corey model parameters are p,,
and A, termed as entry pressure when the fluid enters the porous medium displacing the
air in the pores and the degree of heterogeneity, respectively. Capillary-driven flow under
partial saturation in porous media is typically characterized by Richards’ equation, which
integrates Darcy’s law with mass conservation principles to effectively describe liquid
transport in conditions of partial saturation, considering the saturation-dependent
characteristics of capillary pressure. The saturation-based Richards equation effectively
models the nonlinear progression of wetting fronts, the redistribution of liquid, and
transient wicking in paper substrates under specified external boundary conditions.
Nonetheless, the governing equation remains open unless specific constitutive relationships
that connect capillary pressure and permeability to saturation are defined. The Brooks-
Corey model is commonly utilized due to its straightforward and physically relevant
formulations for the capillary pressure—saturation relationship, along with the related
saturation-dependent transport properties. The Brooks-Corey formulation, when integrated
with Richards’ equation, facilitates the depiction of saturation-driven flow dynamics, while
maintaining responsiveness to variations in pore-size distribution and heterogeneity (Perez-
Cruz et al. 2017b). Experimental data obtained from the centrifuge method are fitted to the
Brooks-Corey model, providing a compact parameterization of saturation-dependent

capillary behavior. These parameters are critical inputs for numerical models of partially
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saturated flow, where they dictate the shape and slope of the capillary pressure versus
saturation curve. This framework has been effectively expanded beyond soils to include
fibrous porous materials, thereby enhancing its applicability for characterizing liquid
imbibition in paper-based substrates (Gasperino et al. 2018a).

1.6. NON-NEWTONIAN FLUID FLOW IN POROUS MEDIA

Paper-based fluidic platforms are extensively utilized in point-of-care diagnostics,
especially in lateral flow assays (LFAS) (Behera et al. 2023b; Spreinat et al. 2025), due to
their straightforward design and manifolds benefits. Several diagnostic fluids used in LFAS
demonstrate non-Newtonian rheological behavior. Among the non-Newtonian biofluids,
shear thinning nature of blood is strongly influenced by the hematocrit level (Mehri et al.
2018), while saliva exhibits non-Newtonian behavior owing to the presence of a dilute
polymer (mucin) solution with long entangled chains (Helton and Yager 2007; Schwarz
1987). On the other hand, polymeric solutions, such as NaCMC, utilized in the food and
pharmaceutical industries have a non-Newtonian nature because of the long polymeric
chains (Lopez et al. 2015). Considering promising potential of low-cost paper-based
devices in applications mentioned above, it is imperative to understand the rheology
modulated wicking phenomenon of bio-samples on the paper strips.The flow behavior of
non-Newtonian fluids in porous media differs significantly from that of classical
Newtonian fluids, attributed primarily to the influence of shear-rate-dependent viscosity
and the geometric deformations occurring within the pore structure (Sochi 2010a). It may
be mentioned here that Newtonian models are unable to account for the flow resistance
instigated by the substantial stretching of fluid constituents caused by the converging—
diverging geometry and tortuosity of pore networks. Consequently, it is necessary to extend
and modify Darcy’s law by incorporating a modified permeability and an apparent viscosity
that are influenced by the flow behavior index and the properties of the porous medium to
characterize non-Newtonian flow (Silva et al. 2016). Based on the Darcy’s law, Wada et
al. (WADA et al. 1985) first presented the modified Darcy law for non-Newtonian liquid
flow in porous media. The experimental investigation by Comiti et al.(Comiti et al. 2000)
suggests that the Darcy’s law is even valid for the non-Newtonian liquid up to the critical
pore Reynolds number ~ 4.3. In this context, it is noted that Brand&o et al.(Branddo et al.
2021) provided the Darcy-Carreau-Yasuda rheological model for non-Newtonian fluid
flow in porous media. They have defined effective apparent viscosity using the effective

consistency index. Moreover, the viscosity of non-Newtonian liquid inside the complex

TH-4048_196103022



pore is very difficult to estimate because of its strong dependency on shear rate, which in
turn, depends on the flow field. Jang et al.(Jang et al. 2025) demonstrated that the mobility
factor of a non-Newtonian fluid in porous media, defined as the ratio of permeability to
effective viscosity, analogous to the Newtonian liquid, as the ratio of permeability to
constant viscosity. Research on non-Newtonian flows in porous media shows that the
premise of effective viscosity arises from the heterogeneous distribution of deformation
rates experienced by the fluid elements at the pore level (Eberhard et al. 2019; Jang et al.
2025). The effective viscosity can be explained as a spatially averaged measure derived
from the viscosity fields at the pore scale, as it responds locally to the constitutive
characteristics of the fluid (Eberhard et al. 2019). In this context, Pearson and Tardy (2002)
emphasized that non-Newtonian effects in porous media cannot be accurately represented
by a universal effective shear rate, as the apparent viscosity is highly dependent on pore
geometry and flow configuration. It has been demonstrated that Darcy-scale behavior may
also be influenced by residence-time effects, flow history, and pore-scale deformation
modes, especially in the case of shear-thinning and viscoelastic fluids. Therefore, effective
viscosity must be considered a parameter that depends on configuration, capturing the
complexities of rheology at the pore scale, rather than being solely a function of bulk
rheology.
1.7. ANALYTE TRAPPING MECHANISM IN POROUS MEDIA

The design of paper-based diagnostic devices requires a clear understanding of the
transport of micron-sized interacting particles through the pores of porous paper substrates.
In the context of lateral flow assays, detailed insight into particle-particle interactions and
collisions is essential for effective control of species reactions. A longer residence time of
the working sample in the porous pathway increases the probability of particle collisions
and entrapment between reacting species, which improves reaction efficiency. From the
perspective of transport phenomenon, the diffusive Péclet number, which represents the
ratio of convective to diffusive transport, acts as a key scaling parameter for species
transport governed by convection-diffusion during reactions. At sufficiently low diffusive
Péclet numbers, transport is dominated by diffusion, whereas at higher values convection
becomes the primary mode of species transport. Reactant species characterized by very
high diffusive Péclet numbers generally experience reduced residence times, often resulting
in inefficient reaction outcomes. In addition, the Damkdhler number, defined as the ratio
of the reaction rate to the characteristic flow rate, plays a critical role in determining

reaction efficiency. Larger Damkdhler numbers typically correspond to faster reaction
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kinetics. Therefore, identifying conditions favorable for efficient reactions requires a
thorough understanding of the coupled effects of advection, diffusion-driven transport, and
trapping of colloidal reactants.

To account for particle transport and deposition under combined advective and
diffusive mechanisms, colloid filtration theory (CFT) is commonly employed to analyze
particle capture at the level of individual pores. Within this framework, Nelson and Ginn
(2005) have examined analyte trapping at the pore scale by resolving particle trajectories
near solid surfaces within the pore network using colloid filtration theory. These
investigations demonstrated that analyte capture is governed by transport mechanisms such
as Brownian diffusion, hydrodynamic retardation, and interception, and highlighted the
dominant role of pore-scale geometry and residence time in determining trapping efficiency
rather than size exclusion alone. Building on this pore-scale perspective, Wang et al. (2012)
examined analyte entrapment in fibrous porous media by explicitly addressing the interplay
between fluid flow and particle transport through a lattice-based numerical framework.
Their findings showed that particle capture takes place via diffusion, interception, and
inertial effects, while trapping efficiency varies dynamically as particles deposit on pore-
scale solid surfaces. The results suggested that deposited particles alter the local pore
geometry and flow pathways, which subsequently enhances trapping by increasing
residence time and expanding capture zones. In line with these observations, Wang and
Otani (2013) presented a comprehensive review of fibrous filtration approaches for
nanoparticle removal from gas streams. The review emphasized the potential of multilayer
fibrous filters as an effective and economical strategy for nanoparticle capture. It was
further highlighted that nonwoven filters composed of fibers with distributed diameters
exhibit superior filtration performance compared to filters with uniform fiber sizes.
Gasperino et al. (2018b) highlighted the importance of particle trapping in enhancing the
sensitivity of lateral flow assays and demonstrated that colloidal particles employed in such
assays exhibit distinct transport characteristics within paper-based porous substrates. The
study noted that much of the theoretical basis for describing particle transport in porous
media originates from hydrogeological research. In this regard, colloid filtration theory
(CFT) was emphasized as a framework that incorporates both mechanistic and empirical
considerations to describe particle binding. Unlike mass-action kinetics, which assumes a
constant association rate for particle attachment to pore surfaces, CFT accounts explicitly
for factors such as particle size, pore geometry, and flow conditions. Through this approach,

CFT offers valuable insight into particle trapping dynamics and the interactions between
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analytes or colloids and paper-based porous media. Such understanding is crucial for
optimizing residence time during interactions between the sample and dry-stored reagents,
thereby enabling the development of highly sensitive lateral flow assays. Overall, trapping
efficiency plays a key role in determining particle attachment behavior in lateral flow
assays, as it quantifies the probability of particle adhesion to pore surfaces and is typically
evaluated using normalized concentration fields. Despite aforementioned progress in the
field, numerical investigations exploring particle trapping mechanisms in detail remain
relatively limited (Boccardo et al. 2014; Fan et al. 2022; Gasperino et al. 2018b).

In this framework, particle trapping in porous media is commonly interpreted in
terms of a limited number of fundamental physical mechanisms that govern particle-pore
interactions during transport. In paper-based porous media, particle trapping arises from
three dominant mechanisms: diffusion-based trapping, interception and inertial impaction.
Diffusion-based trapping originates from the stochastic thermal motion of particles, which
promotes contact with pore surfaces, particularly for small particles and low transport
velocities. Interception occurs when particles following streamlines come into contact with
pore walls due to their finite size relative to the pore dimensions, resulting in the formation
of a capture region upstream of the pore. The third mechanism, inertial impact, becomes
significant when particles possess sufficient inertia to deviate from streamlines and collide
with pore walls. Together, these mechanisms provide a comprehensive physical basis for
describing particle trapping behavior in porous media under combined advective and
diffusive transport conditions (Nelson and Ginn 2005; Payen et al. 2012; Wang and Otani
2013; Wang et al. 2012b).

1.8. DROPLET GENERATION IN POROUS MEDIA

Confining reactions within discrete droplets provide multiple benefits. Droplets act as
isolated reaction compartments and are often monodisperse, enabling quantitative analysis
and rapid processing of very small volumes, including single cells or molecules (De Jonghe
et al. 2023). Micro- and nanoscale droplets are gaining significance in various domains,
including material synthesis (Banerjee et al. 2021; Xiong et al. 2021), chemical engineering
(Bai et al. 2020; Meissner et al. 2017; Michelin 2023), medical diagnostics (Ahmed et al.
2023; Li et al. 2021; Zec et al. 2014), cellular research (Ai et al. 2020; Bashirzadeh and
Liu 2019; Palit et al. 2018; Xi et al. 2023), pharmaceuticals (Cun et al. 2021), food industry
(Ding et al. 2020; Goudappel et al. 2001) and enhanced oil recovery (Lu et al. 2018). Their

elevated surface-to-volume ratio and smaller size significantly enhance reaction rates,
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improve heat transfer efficiency, facilitate high-throughput parallel studies, and reduce
reagent consumption. Microfluidic technology enables the reproducible generation of such
droplets and allows for the exploration of complex fluidic interactions under precisely
controlled conditions (Kaneelil et al. 2024; Malik et al. 2024; Paul et al. 2024; Satpathi et
al. 2024; Yadav and Pathak 2024). The micro-sized water droplets have been generated in
the T-junction geometries. At a capillary number on the order of ~1072, the dominant
droplet breaking mechanism shifts from pressure-dominated to shear-dominated.(Garstecki
et al. 2006) The polydimethylsiloxane (PDMS) based diverging microfluidic device,
fabricated through oxygen plasma treatment, have demonstrated the ability to produce
monodispersed droplets.(Tan et al. 2006) The utilization of diverging passages results in
alterations in both velocity and pressure gradient, enabling precise localization of droplet
generation points for subsequent fusion or sorting. Avraam and Payatakes (1995) observed
that the drop-traffic flow regime exists for chamber and throat type glass porous medium
with capillary numbers in the order of ~107° with lower water saturation levels. Beyond
channel-based microfluidic systems, droplets can also be generated intrinsically within
porous media through capillary-driven instabilities associated with pore-scale geometry.
Early theoretical and experimental work by Roof (1970) demonstrated that when a non-
wetting fluid emerges from a water-wet pore throat into a larger pore body, interfacial
forces may cause the fluid to undergo snap-off, leading to droplet formation. The energy
balance criterion by Roof suggests that the droplet snaps off from the liquid stream at the
throat of the geometry when the curvature of growing droplet’s radius becomes twice the
radius of the throat, highlighting the dominant role of pore geometry and capillary pressure
distribution. Such findings establish porous media as passive droplet generators, where
breakup is governed by geometric and interfacial conditions rather than external flow
control. Subsequent pore-scale investigations by Armstrong et al. (2016) further examined
droplet breakup and snap-off phenomena in constricted geometries representative of porous
media. Using numerical simulations capable of resolving interfacial dynamics, the study
demonstrated that droplet snap-off occurs preferentially at pore constrictions and is strongly
governed by local capillary pressure variations imposed by the geometry. The results
showed that the onset of snap-off and the resulting droplet size are consistent with the Roof
criterion, while also indicating that dynamic effects such as viscous and inertial stresses
can influence the breakup process under flowing conditions. To address the high costs
associated with conventional microchannel-based droplet generation, paper-based porous

substrates offer a promising alternative. The interconnected fibrous network of microscale
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pores within paper substrates can promote breakup of the dispersed phase during capillary-
driven wicking of the continuous phase (Behera et al. 2023c, 2024; Patari et al. 2023; Rath
et al. 2018b).

1.9. MOTIVATION AND RESEARCH GAP IN THE EXISTING LITERATURE
Capillary-driven flow in paper-based porous media has been widely employed for low-
cost microfluidic applications due to its self-driven nature, ease of fabrication, and
suitability for chemical and biological assays (Asadi et al. 2022; McClure et al. 2020;
Tokihiro et al. 2023). Prior studies have primarily focused on modeling imbibition in paper
using classical frameworks such as the Lucas—Washburn equation, Darcy’s law, and
saturation-based formulations (Kumar et al. 2019; Mehrabian et al. 2011; Patari et al.
2023). However, experimental observations indicate that the presence of species within the
working fluid can substantially influence the wicking dynamics by altering effective pore
radius and flow resistance. In thicker paper substrates, enhanced liquid—solid interaction
leads to measurable variations in wicking length and effective permeability with changing
solute concentration. Despite these observations, the permeability of paper is often treated
as a constant property in existing models, neglecting its dependence on species
concentration. Furthermore, saturation-dependent flow modeling in paper-based systems
requires accurate estimation of capillary pressure and permeability parameters, which are
not readily available for aqueous solutions with species. Experimental determination of
these parameters and their incorporation into analytical and numerical frameworks remain
obscure and limited. Furthermore, non-uniform interfacial advancement produced by pore-
scale trapping and concentration-induced changes in effective pore radius is observed by
visualizing the fluid front within thicker paper; these phenomena are not sufficiently
represented by traditional one-dimensional models. These limitations motivate the need for
a systematic investigation of concentration-dependent permeability, saturation-based flow
behavior, and capillary-driven imbibition in paper substrates following combined efforts of
experimental investigations, analytical methodology, and numerical simulations.

In addition to solute effects, capillary-driven transport in paper often involves non-
Newtonian fluids and multiphase systems that exhibit complex pore-scale dynamics. Many
biologically relevant fluids, including polymer solutions and blood, demonstrate shear-
dependent viscosity, which directly affects imbibition velocity, saturation evolution, and
residence time within the porous network. Existing studies have shown that non-Newtonian

rheology alters effective viscosity during wicking, yet a generalized framework to describe
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rheology-modulated imbibition in paper-based porous media remains incomplete.
Additionally, capillary-driven flow in paper with two immiscible fluid phases can induce
interfacial phenomena such as droplet breakdown, snap-off, and entrapment, facilitating
passive droplet generation without requiring external force. These processes, although well
studied considering rigid microchannels, have received limited focus from the perspective
of fibrous paper substrates. The lack of low-cost platforms for controlled pore-scale
multiphase transport in paper pathways represents a notable gap. Furthermore, while paper-
based lateral flow assays are extensively used for point-of-care detection and biochemical
analysis, their design often relies on empirical placement of reaction zones and test lines.
Experimental and numerical studies indicate that flow velocity, saturation, and species
residence time strongly govern reaction Kinetics and colorimetric signal development.
However, the integration of transport physics with assay design, including optimized
reagent storage and index-based quantification, has not been comprehensively addressed.
For advanced applications that demand multiplexing capability, enhanced sensitivity,
quantitative readout, and user-friendly operation, the individual components of paper-based
microfluidic systems require further technological refinement. Consequently, a deeper
understanding of species transport mechanisms in aqueous media is essential to enable
rational design and optimization of paper-based microfluidic platforms, including lateral
flow assays (Kim et al. 2015; Mahmoudi et al. 2019; Tang et al. 2024).

1.10. AIM OF THE PRESENT WORK AND PROBLEM DEFINITIONS

From the preceding discussion, it is evident that current understanding of capillary-
driven transport in paper-based porous media remains limited to practical operating
conditions from classical models. The effects of analyte mobility, non-Newtonian
rheology, and pore-scale immiscible transport on wicking dynamics remain insufficiently
understood. Accordingly, the present work aims to systematically investigate
concentration-dependent permeability, rheology-modulated imbibition, and capillary-
driven multiphase phenomena in paper substrates, and to translate these insights into the
rational design and optimization of paper-based microfluidic devices. Following this
reasoning, the scope of the present dissertation is outlined below:

1.10.1. Experimental, analytical and numerical investigation of solute-driven
imbibition with concentration-dependent permeability in paper-based porous media
The main goals of this first objective are to examine the concentration-dependent

wicking behavior and evaluate the concentration-dependent permeability employing both
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theoretical models and experimental data. Experiments are conducted on thicker gel blot
paper using aqueous food dye solutions at varying concentrations. The temporal evolution
of the wicking length is analytically obtained using a Brinkman-extended Darcy
formulation, incorporating an effective permeability derived from a modified rectangular
unidirectional fiber cell model. In addition, saturation-dependent capillary pressure and
permeability are determined experimentally through concentration-dependent Brooks—
Corey parameters. These parameters are subsequently employed in numerical simulations
based on the Richards equation to describe saturation-dependent flow behavior in thick

paper substrates.

1.10.2. Experimental and numerical investigation of capillary-driven low-cost droplet
generation in Y-shaped paper-based porous media

In the second objective, we have devised a low-cost droplet-generation method
using a Y-shaped paper strip. To study oil droplet generation in a water-wicking medium,
we conducted experiments by varying the paper grade (1 and 4) and the strip inclination.
Microscopic droplets are generated within the pores and transported to the outlet through
two primary mechanisms involving capillary-driven merging and elongation of oil droplets
under water imbibition. Gravitational effects significantly reduce droplet size while
maintaining high uniformity. Three distinct regimes of temporal droplet generation are
identified based on saturation-dependent capillary pressure patterns. Droplet size is
strongly influenced by the paper type, with Grade 1 paper producing smaller droplets due
to its finer pore structure. Finally, the temporal stability of the generated droplets is

established, highlighting their relevance for cellular research.

1.10.3. Experimental and saturation-based numerical investigation into rheology-
driven wicking dynamics and analyte trapping in paper-based lateral flow assays

In the third objective, we experimentally investigate the effect of fluid rheology on
wicking dynamics in paper-based lateral flow assay (LFA) using both NaCMC-water
solution and human blood. We develop a saturation-based numerical framework to simulate
the wicking phenomenon in paper-based porous strip using experimentally estimated
effective viscosity of the solution. Increasing NaCMC concentration increases liquid entry
pressure and flow heterogeneity, thereby reducing average wicking length and imbibition
velocity. Higher NaCMC concentrations at lower axial positions enhance trapping

efficiency and probability. For human blood, both wicking length and average velocity

15
TH-4048_196103022



decrease with increasing hematocrit, while effective viscosity may exhibit non-monotonic
temporal variation. An optimum design guideline for efficient reactions in lateral flow

assays has also been identified.

1.10.4. Development and validation of a low-cost paper-based microfluidic platform
for colorimetric methanol detection in alcoholic beverages

The fourth objective reports a Grade 1 paper-based fluidic device for rapid, sensitive,
and cost-effective methanol detection in alcoholic beverages using a colorimetric reaction
involving potassium permanganate, sulphuric acid, sodium bisulphite, and chromotropic
acid. The reaction with methanol produces a distinct purple color that can be visually
assessed or quantified. Experimental results confirm detection of methanol concentrations
from 5 % to 30 % (v/v), encompassing levels associated with methanol poisoning. Besides,
numerical simulations support the development of a colorimetric index for this
concentration range, which is further validated using both branded and locally produced

alcoholic beverages.

1.11. OUTLINE OF THE THESIS

The subsequent chapters of the thesis are organized as follows:

e Chapter 2 presents an experimental, analytical, and numerical investigation of
concentration-dependent capillary wicking in thick gel blot paper, focusing on
effective permeability estimation and saturation-dependent flow modeling.

e Chapter 3 investigates capillary-driven immiscible oil-water transport in paper-
based porous media, revealing pore-scale droplet breakup, snap-off, trapping, and
transport mechanisms, and demonstrating low-cost passive droplet generation using
graded paper substrates.

e Chapter 4 examines rheology-modulated wicking and analyte trapping in paper
strips using both NaCMC solutions and human blood, leveraging experiments,
effective viscosity estimation, saturation-based modeling, and design guidelines for
optimized lateral flow assay performance.

e Chapter 5 presents the development of a Grade 1 paper-based lateral flow assay for
colorimetric detection and quantification of methanol in alcoholic beverages,
integrating experiments and numerical modeling to establish a reliable index-based

readout.
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e Chapter 6 concisely summarizes the principal findings from all of the chapters and

also underscores prospective paths for further research relevant to the current thesis.
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CHAPTER 2

EXPERIMENTAL, ANALYTICAL AND NUMERICAL
INVESTIGATION OF SOLUTE-DRIVEN [IMBIBITION WITH
CONCENTRATION-DEPENDENT PERMEABILITY IN PAPER-
BASED POROUS MEDIA

In this chapter, solute-driven capillary imbibition in paper-based porous media is
investigated experimentally, analytically, and numerically, with a focus on concentration-
dependent permeability. The significance of solute concentration on wicking dynamics,
effective permeability, and interfacial behavior is investigated through controlled
experiments. Bases on the Brinkman-extended Darcy framework, an analytical model is
developed and validated. A Richards-equation-based computational model incorporates
experimentally measured saturation-dependent capillary pressure and permeability,
enabling multiscale insights into saturation transport and permeability evolution pertinent

to paper-based microfluidic applications.

2.1. OBJECTIVE

Paper-based microfluidic devices have garnered significant interest as cost-effective
and rapid diagnostic platforms for investigating interactions between analytes transported
through fibrous porous media (Asadi et al. 2022; McClure et al. 2020; Tokihiro et al. 2023).
Fluid movement in these devices is facilitated by capillary action due to surface tension
forces, displacing the necessity for external actuation (Arun et al. 2016; He et al. 2022;
Kim et al. 2020; Lee et al. 2016; Narayanamurthy et al. 2020). Due to benefits like ease of
manufacture, biocompatibility, portability, and cost-effectiveness, paper-based
microfluidics have been extensively employed in diagnostics, environmental monitoring,
and food safety. The porous paper matrix provides as an efficient medium for analyte
transport and interaction, indicating that the species in the carrier liquid can substantially
affect the flow behavior (Chang et al. 2023; Hao and Cheng 2010; Shi et al. 2023;
Vasheghani Farahani and Mousavi Nezhad 2022).1

Capillary-driven wicking on paper substrates is conventionally explained by the

Lucas—Washburn equation and Darcy’s law; however, both are applicable mainly at fully

! Contents of this chapter is published in the journal of Physics of Fluids (AIP), Volume 35, Issue
12, Page 122007, December 2023, https://doi.org/10.1063/5.0177100
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saturated situation (Kumar et al. 2019; Mehrabian et al. 2011; Patari et al. 2023). Given
that capillary pressure and permeability are significantly influenced by saturation, the
Richards equation offers a more suitable framework for simulating wicking in partially
saturated paper-based porous media. The Brooks—Corey model is frequently utilized to
characterize saturation-dependent capillary pressure and permeability. Permeability is
impacted by pore geometry, porosity, particle movement, and partial saturation, and it is
frequently described by averaged models like the Kozeny-Carman formulation or
transverse permeability expressions for fibrous media.

After a thorough review of the literature, it has become evident that the concentration-
dependent permeability of microfluidics paper for various species has not been estimated
in the open literature. Additionally, there is no equivalent mathematical model for
describing the concentration-dependent wicking behavior of microfluidic paper. Moreover,
the relevant concentration-dependent model parameters for Richards’ equation, which
simulates saturation-dependent flow within paper-based porous media, are also lacking in
available literature. The primary objective of this work is to determine the concentration-
dependent permeability using experimental data and a theoretical framework utilizing the
Brinkman-extended Darcy model. Subsequently, we calculate the saturation-dependent
capillary pressure using the Brooks and Corey model and perform numerical simulations
while solving the Richards equation. Thicker gel blot paper is intentionally utilized to
augment species interaction and enhance the observation of the wicking process.

2.2. MATHEMATICAL MODELLING

In the present work, we investigate the flow of a Newtonian liquid through a single
strip of gel-blot paper, assuming incompressible fluid flow. The porous structure of the gel-
blot paper is modelled using the Brinkman-Forchheimer extended Darcy model (Hsu and
Cheng 1990). Assuming of steady, fully developed, unidirectional flow along the strip, with
velocity variation only across the transverse direction, the governing momentum equation
reduces to the following one-dimensional form:

ud?U _po  CppU  dp
¢dy? K VK dx_O (2.1)

Here, the permeability of porous media, porosity, intrinsically averaged pressure and liquid

dynamic viscosity are represented by the symbols K, ¢, p and p, respectively; Cr is the
Forchheimer coefficient and Z—Z Is pressure gradient in x-direction. The first term represents

the Brinkman viscous diffusion accounting for shear effects within the porous structure,
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the second term denotes the Darcy viscous resistance offered by the porous matrix, and the
third term corresponds to the nonlinear Forchheimer drag, which represents the inertial
resistance to flow in a porous medium and arises as a quadratic correction to Darcy’s law
at higher flow velocities.

The Reynolds number is estimated to be very low (Re << 1) for the characteristic
length scale of 0.8 mm and a very low flow velocity (10 m/s) in a paper-based porous
medium (Gaikwad et al. 2017a). Consequently, the convective term is neglected in the
momentum equation. Additionally, under these conditions, inertial effects are negligible
compared to viscous forces, and the quadratic Forchheimer term contributes insignificantly
to the overall flow resistance of the porous medium. Therefore, this term is neglected in the
present analysis.

Based on these assumptions, we approximate the transport equation as given below.

2
gz—;z’—§U+G=o (2.2)
G = —Z—z IS pressure gradient in x-direction. It is now simple to solve the ordinary

differential equation (Eqg. (2.2)), and the general solution is given by using the following

equation:

U(y) = %[Cleﬁy + CreVPY + %] (2.3)

Where, 8 = % and C,, C, are arbitrary integration constants. Now, we can impose the

following boundary conditions to solve Eq. (2.3) as shown in Fig. 2.1:

no-slip condition at the bottom wall: U(y)|, -, = 0 (2.4a)
. . . du au
and no stress jump at the upper part of porous strip (aty =4 ): u— =Uu— ~0
dy y=h+ dy y=h~
(2.4b)

Here, h is the thickness of the paper strip and is taken as 0.8 mm as shown in Fig. 2.1.

Hence, the one-dimensional velocity profile can be obtained as:

Uly) = %[Aleﬁy + Aze“/ﬁy - 1] (2.5)
_ e_\/Eh _ e\/Eh . . .
Where, A; = NPT A, = ~TPreoTF and 7 is the thickness of the porous strip.
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Upper surface (y=h)

No stress jump:
au _ o du

’ dy ot " dy

y=h~

60 mm

|

0.8 mm

Bottom wall (y=0)
No-slip condition:

”(”L:o =0

Figure 2.1. 3D schematic of the T-shaped paper channel (width = 0.8 mm) illustrating
geometry and boundary conditions. No-slip is imposed at the bottom wall (y = 0), and a
no stress jJump condition is applied at the upper surface (y = h).

Accordingly, the average velocity of the liquid through the porous medium can be

expressed as:

_Rvoy _ep|  -(/Bn’ ]
Uavg = fay  uB L1+ Bn+(JBR) (2.6)
Now, using G = —%, we can get:

_(_a\ o[ (/BW ]
Uavg ( d’C) uB [1+\/Eh+(\/ﬁh)2 7)

The pressure gradient, — Z—Z can be expressed in finite representation as j—i. Here, Ap is the

difference of pressure at the liquid-air interface (i.e., capillary pressure, p.) and entry

__20cos8,

pressure; po = ———; @ and @ are surface tension between liquid and water (=0.07206
p

N/m) and wetting angle is taken as 0% Ax is the difference of distance between interface
and entry (Kumar et al. 2019). Considering origin at entry (x; = 0), we have Ax = xy —
x; = x — 0 = x. Also, the atmospheric pressure is same everywhere in the paper strip and
one can write Ap = ps — p;; Df = D¢ + Darm aNd D; = Paem, heNce, Ap = p.. Therefore,

from Eq. (2.7), we can write:

_(re\o|_wBw | _s
Uavg - (x)ﬂﬁ l1+ﬁh+(ﬁh)2 * (283.)
Where, B = 22 [ﬂl (2.8b)
KB 1+ /Br+(JBh)
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Hence, using Ugyg =Z—:, and integrating, we can get the temporal liquid interface

imbibition length as:

x = (2Bt): 2.9)

2.3. CALCULATION OF SATURATION DEPENDENT CAPILLARY
PRESSURE
The sample of gel-blot paper can be rotated in the centrifuge machine at various

angular velocities through putting it in a microcentrifuge tube with liquid of various food

dye concentrations. Accordingly, the normalized liquid saturation can be defied as S, =

(Ww-wary)

(Wat 100% saturation_Wdry)

Where, w is the weight of the sample. Moreover, the capillary

pressure (p.) is estimated using the expression given below:(Rath et al. 2018b)

2 £2 2
.= % (2.10)
The symbols w and 4p, respectively, stand for the angular velocity and density difference
between air and water. The microcentrifuge tube ends' distances from the axis of rotation

are measured by r; and r, respectively.

2.4, NUMERICAL MODELLING
For the i"" phase, the mass conservation equation in porous media is expressed as
(H. and T. 1966):

a ¢pSei

% +7-(ps,ui) =0 (2.12)
Krse,

Where, one may write the volumetric flow per unit width as: u; = — “KeqVDs,,;

moreover, the equivalent permeability of the porous medium, permeability ratio, dynamic
viscosity and pressure field for saturation level, (s,,) are denoted by k., krsei, Hse,; and

ps; respectively. The wetting phase and non-wetting phase permeability ratio with respect

2

. . — | 3+— —
to 100% saturation case is expressed as ks, = Se( lb) and ks, = (1-S5,)? <1 —

—(1+=
(1 — Se)( ’lb)>, respectively. In addition, the relationship between normalised saturation

and capillary pressure can be expressed as follows (Brentrup et al. 2008; Genuchten 1980):

Using the Brooks and Corey correlation:
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1
pc(se) = PenSe b (2.12)
Where p.,, and A, respectively, stand in for the Brooks and Corey model parameters.
The following is how to write the continuity equation in its combined version with

Darcy's law: (Brentrup et al. 2008; Genuchten 1980)

9(¢p)
ot

+V-(pi) =0 (2.13)

Darcy's law gives us u = %Vp, averaged density is expressed as p = }; S, p;, and

dynamic viscosity is written as g = P 75

iSeiﬂ_i

For a rectangular, two-dimensional paper-strip computational domain with length = 6 cm

and width = 8 mm, we use the subsequent set of boundary conditions to numerically solve

transport equations [Egs. (2.11) and (2.13)] as follows: At the inlet: n - (Pseiui) =0, p; =

0; For the top and bottom ends: n - (Psei“i) = 0and n - (pu) = 0; where, n is the normal
from the wall surface. At the outlet: For Darcy’s equation, ensuring capillary pressure equal
to zero corresponding to fully saturated paper, we impose p = —p.[1(S.); here, TI(S.) is
smoothed step function. This step function ]'[(S_e) is equal to 1 when S, varies between 0
to 0.9, and smoothly (i.e., without losing differentiability) reaches ]'[(S_e) = 0 with change

in S, from 0.9 to 1. This approximation serves as a boundary condition for Eq. (2.13), it

ought to be noted. Therefore, to determine the precise flux at that border, weak constraints

are used. Also, the Lagrangian multiplayer (LM, unit: kg/(m-s)) for the shape functions

of pressure is used at the outlet to calculate the accurate mass flux (kg/ (mz-s)) therein for

Eq. (2.11). Hence, we have —n - (pseiui) = % where, £ is the thickness of the paper and

taken as 0.8 mm. When weak constraints are used, it is observed that LM, behaves as a

new variable.

2.5. EXPERIMENTAL SETUP
2.5.1. Materials and experimental methods
25.1.1. Information of the paper strip
For the observation of capillary imbibition, Whatman gel blotting paper (grade
GBO003) of thickness 0.8 mm was procured. It has uniform wicking capability and capillary

action which are important for obtaining good results. To minimize inertial effects, we have
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opted for a uniform shape, a long paper strip with a sufficiently sized rectangular well,
collectively forming a T-shape as illustrated in Fig. 2.2. This configuration allows for the
permeation of a substantial volume of injected liquid inside the pores of the adequately
large rectangular well, resulting in a plug-shaped interface during the initial stages of
imbibition in the paper strip near the inlet. This plug or uniform interface shape confirms
the minimal or insignificant influence of inertial effects. Building on the insights from
Perez-Cruz et al. (2017b) regarding the imbibition phenomenon in different-sized paper
strips, a uniform cross-section of the paper strip, compared to other shapes, leads to a higher
imbibition length. This finding is further corroborated by experimental results from
Jamshidi et al. (2022). Therefore, selecting a sufficiently sized rectangular well helps
decrease inertial effects, while the uniform cross-section of the paper strip contributes to a
higher imbibition length. Consequently, the T-shape of the paper strip with a suitably larger
rectangular well and a uniform cross-section has been chosen due to these aforementioned

advantages.

2.5.1.2. Food dye solution and equipment details

The analytical equation is derived by assuming Newtonian fluid. Hence, we have
prepared 0.2, 0.5, 1 and 2 % (wi/v) of food dye in deionized water. Beyond 2 % (w/v)
concentration will lead to non-Newtonian behaviour of the liquid, as reported by Kim and
Cho (2003). The viscosity of all the concentrations was measured in the Interfacial
rheometer (Anton Paar, Model: MCR 301) and the value came out to be 0.0007 Pa-s. We
repeated our experiment three times with each concentration and averaged out the
readings. In our experiment, a high-resolution Nikon Z 50 camera, Canon EOS 5D Mark
Il camera and Schott LED light is used to capture the videos of the capillary-wicking
dynamics of paper as shown in Fig. 2.3(a). A liquid dispenser (BRAUN Omnifix® -F) has
been used to pour sample of the aqueous solution to the well as shown in the inset of the
Fig. 2.3.

2.5.1.3. Software used for Image analysis

Further, the captured videos are transferred to the PC and are then processed in
MATLAB R2022a to isolate the frames. The interface of wicking liquid is tracked through
the frames corresponding to 1 second and the length of the wicking of the agueous

solution of food dye is measured using ImageJ software.
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Faster imbibition in the uniform cross-section of the
paper strip as compared to the complex strip
according to the results of Cruz et al. (2017)

1 cm 6 cm

A relatively large rectangular well minimizes inertial
cffects at the inlet of the long rectangular strip.

Figure 2.2. T- shape paper strip showing the rectangular well to minimize the inertial
effect at the inlet of long rectangular paper strip in the right side. This rectangular shape
of long paper strip allows faster imbibition dynamics as compared to the other complex
paper strip shapes according to the result obtained by Perez-Cruz et al. (2017a).

2.5.1.4. Estimation of pore size
The pore size distribution of the gel blot paper is shown in Fig. 2.3b(i) and the
corresponding pore size SEM of gel blot paper image as shown in Fig. 2.3b(ii). It is noted

that the pore radius is calculated considering the pores as equivalent circular areas.

2.5.2. Modelling of the permeability of the porous substrate
In the literature, numerous frameworks have been developed for modelling the

permeability of the intricate fibre structure using the simpler representative unit cell (Das
et al. 2018; Maré and Woudberg 2023; Nabovati et al. 2009). It is worth adding here that
transverse permeability appears to be an essential parameter in mimicking the flow
dynamics within a paper strip utilised in microfluidic applications. Van der Westhuizen
and Prieur Du Plessis (1996) established a mathematical model for transverse
permeability in this regard using a simple rectangular unidirectional fibre cell and pure

liquid (for example, water), which is represented as:

_ rﬁn’d)(l—d 1—¢)2

Kwater - 24(1_¢)1.5

(2.14)
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Figure 2.3. (a) The schematic of the experimental setup showing the porous strip as the
test specimen on a table with liquid dispenser to insert the food dye solution inside the
porous domain. The Scott LED light is used to illuminate the side view of the strip while
Nikon Z50 and Canon EO5 5D Mark I11 camera are used to record the side view and top
view of the test paper strip, respectively. The zoomed view of the specimen showing the
side view is shown in the inset, (b) (i) The pore size distribution in terms of equivalent
pore radius of circular areas of (ii) gel blot pores.

Deduced from the aforementioned equation, the expression of effective
permeability for the liquid with species (e.g., aqueous solution of food dye) can be modelled

as:

K = rﬁn’d)(l—d 1—¢)2

. (2.15)

Here, F is a constant that can be calculated from experimental data to account for the
influence of species in pure liquid (such as water) in the microfluidics study. In Egs. (2.14)
and (2.15), r, is the average fibre radius which can be correlated to the pore radius as (Liu
et al. 2015):

1 =—T,In¢ (2.16)
The flow chart presented in Fig. 2.4 offers a brief overview of the previously discussed
process for estimating saturation dependent permeability.
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{Estimation of concentration-dependent permeability}

(a) Generated the data of wicking
length (x) with time (t) from
experiments.

-

(b) Using curve fitting tool in
MATLAB, ‘B’is estimated from Eq. 10

N\
(¢) Using Eq. 9(b), B is estimated from
the known values of B, P_.p, ¢ & h.

(d) Using ‘p=¢/K’, permeability (K) is
estimated.

is estimated.

Figure 2.4. The flow chart representing the estimation of concentration-dependent
permeability from the experimental data using the mathematical model.

(e) After knowing the value of ‘K’, ‘FW

2.5.3. Benchmarking of analytical solution with experiments in limiting case

In this section, we have made an effort to compare the experimental results of pure
water (deionized water) being imbibed on a gel blot paper with the wicking length
determined from the analytical solution. By changing the time instants, Fig. 2.5 illustrates
the same comparison. It should be noted that the value of F has been taken as 1 for pure
liquid in the Eq. (2.15). We find a fairly strong match between the experimental and the
analytical findings. Hence, this evidence confirms that the existing analytical solution
accurately reproduces the dynamics of imbibition within the gel blot paper strip.
Additionally, we have made further attempts to determine the wicking length for various
concentrations of food dye at different time intervals. Table 2.1, in both tabulated form and
bar graphs, offers a comprehensive comparison of the mean wicking length at various time
points for water and food dye solutions with varying concentrations. The examination

involved three repeated tests for accuracy and consistency.
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Figure 2.5. Plot showing the temporal variation of the length of the fluid filling column
with Milli-Q water as the reference test fluid.

TABLE 2.1. Comparison of the mean wicking length according to the three repeated tests
conducted at different times. (Below) The bar plot illustrates the wicking progress at three

distinct time intervals (t =5 s, 10 s, and 40 s), showcasing the effect of concentration on
capillary transport over time.

Wicking length (m)

Concentration t=5s t=10s t=40s
0.2% (wWiv) 0016214  0.024492 0.045966
0.5 % (w/v) 0.012022 0.01808175 0.0369007
1 % (wiv) 0.016572 0.023210667 0.043019
2 % (wiv) 0.017589 0.026166 0.04699
0% (wiv) 0017153  0.025482 0.04773
(Water)
L T T t _ 5 S L |
0.05F =10 T
=405
004t
=
on
E 0.03 F
on
£
-
S0.02F
=
0.01 F
0

Water 0.2% 0.5 % | % 2%
Food Dye Concentration (w/v)
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2.6. RESULTS AND DISCUSSION

We employed an aqueous food dye solution with a concentration range of 0 - 2 %
(w/v) to examine the dynamics of imbibition within gel blot papers. The liquid column's
interfacial dynamics for aqueous dye solutions have also been examined. Further, the
concentration-dependent effective permeability is determined, and the value of F is
predicted. Additionally, an estimation of the aqueous dye liquid saturation-dependent
capillary pressure is conducted. In order to describe the saturation-dependent flow inside
the porous strips utilised for numerical simulations, Brooks and Corey model parameters

are determined.

2.6.1. Temporal variation of wicking length at different concentrations

At three different times, namely at t = 10 s, 20 s, and 30 s, Fig 2.6(d) shows the
impact of dye concentration on the wicking length in the gel blot paper strip. As the
concentration of the aqueous solution of food dye in Regime-1 (refer to Fig 2.6(d)) increases
from 0 to 0.5% (w/v) for all time instants, the plot demonstrates an abrupt decrease in
wicking distance. This effect is related to an increase in flow resistance, mainly attributed
to dye particle collisions in the microscopic fluid layer. Conversely, in Regime-II (refer to
Fig 2.6(d)), the wicking length increases as the concentration increases from 0.5 to 2%
(w/v). This could be explained by the pores getting obstructed as a result of the dye particles
being entrapped. The capillary pressure increases as a result of this drop in effective pore
radius because it is inversely proportional to the same. Additionally, the impact of
concentration on capillary pressure is covered in the last sub-section. As a result, in
Regime-II, an increase in wicking distance is witnessed at any time instant due to the rise

in capillary pressure that occurs with an increase in dye concentration.
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Figure 2.6. (a) Temporal variation of wicking length for different concentrations of food
dye in deionized water, (b) the depiction of decrease in wicking length with concentration
in Regime-I: 0 - 0.5 % (w/v), (c) the depiction of increase in wicking length with
concentration in Regime-I1: 0.5 - 2 % (w/v). (d) The variation of wicking length of the food
dye solution at various concentrations of food dye in DI water for different time instants,
(e) Experimental contours of side view of wicking developments at time = 10 s at various
food dye concentrations.

For the solution with higher concentrations (2% w/v), we observe an interesting
temporal interfacial phenomenon from the experimental observations. With lower dye
concentrations, however, we do not see this phenomenon. We find that over a specified
period of time, the side view of the air-liquid interface made an acute angle with the axial
direction, as depicted in Fig. 2.7(a). The variation of interfacial angle of fluid front by

varying time instants is presented in Fig. 2.7(b) when dye concentration is 2% (w/v).
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Figure 2.7. (a) Schematic representing the top and side view of liquid front, (b) the
variation of angle of fluid front with respect to bottom wall at different wicking length (or
time) when food dye concentration is 2 % (w/v), and (c) experimental contours of wicking
developments at different wicking length (or time) when food dye concentration is 2 %
(Whv).

-In Fig. 2.7(c), we depict the temporal contours of liquid front development. Also, the flow
chart depicted in Fig. 2.8 visually represents the impending events associated with the
lateral view of the fluid front within the porous strip. Near the entrance, it is observed that
the front angle is almost ~90° at initial time instants (refer to Fig. 2.7(c) for a clear view).
This effect is attributed to the nearly uniform capillary pressure at initial time instants inside
the pores when observed from the side view. On the contrary, we find a reduction in front
angle (< 90°) with further increase in time instants in Regime-l and nearly consistent
variation in Regime-1l. These observations can be explained by the following physical
justifications. In Regime-I, the increased concentration leads to trapping of more dye
particles in the upper section of the strip compared to the lower section when viewed from

the side of paper strip (refer to Fig. 2.7(a)). Consequently, the smaller equivalent pore
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Figure 2.8. The representation of the change in angle of the moving fluid front in the paper
strip

-radius at the upper section results in higher capillary pressure compared to the lower
section. This discrepancy causes the liquid front to advance more rapidly in the upper
section than in the lower section, ultimately resulting in an inclined frontal interface.
Therefore, the increase in time in Regime-l leads to a reduction in the front angle.
Furthermore, the minimal alteration in the difference of capillary pressure in upper and
lower sections allows nearly constant frontal angle in Regime-Il. Further increase in the
time instants in Regime-111 causes enhancement in front angle and eventually approaches
~90° by the end of this regime. This occurs due to the improvement in the uniformity of
particle trapping in upper and lower sections when viewed from the side, which in turn,
reduces the difference of capillary pressure of the respective zones. Hence, the decrease in
flow velocity difference at lower and upper section in Regime-I1I leads to an increase in
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front angle and approaches ~90° towards the end of this regime. Finally, the effect of
capillary pressure difference at the upper and lower sections becomes insignificant in
Regime-1V. Subsequently, this causes nearly constant frontal angle (~90°) with increase in

time instants.

2.6.2. Variation of permeability with different concentrations along the porous
channel
The main objective of the present work is to estimate the concentration-dependent

effective permeability (refer to Eq. (2.14)) to model the flow dynamics in the paper strip
considering the effect of dye particle-pore interaction. Accordingly, an effort has been
made to compute the same using Egs. (2.8b) and (2.9). First, the value (2B)°* is estimated

by fitting the experimental data of the x versus t graph (refer to Fig 2.6(a)). After that, using
values of B, p., h, ¢ and u in Eq. (2.8b), we compute the value of S (= %) as well as

effective permeability, K. We depict the variation of effective permeability with a change
in concentration in Fig. 2.8(a). Interestingly, there are two regimes of concentrations
(Regime-I and I1) are identified according to the variation of effective permeability. The
value of K follows the decreasing trend with a change in concentration in Regime-I. It is
attributed to the decrease in wicking length with concentration (refer to Fig 2.6(a-c))
because of the augmentation in flow resistance in the fluid layers by dye particle collision
in the pores. The similar trend of decrement in permeability with particle concentration is
predicted numerically by Feng et al. (2020). On the other hand, because of the increase in
capillary pressure by a decrease in effective pore radius with concentration enhances the
wicking length (refer to Fig 2.6(a-c)). As a result, the faster movement of the liquid front
is predicted because of the increase in concentration of dye particles and enhances the
effective permeability in Regime-Il. As shown in Fig. 2.9(b) and (c), the mathematical
correlations have been established for concentration-dependent permeability in both
regimes using the second-order polynomial. We have obtained the accurately
experimentally fitted expression of permeability in Regime-I and Regime-ll as K = pC? +

qC + 7 and K = sC? + tC + u, respectively with R? = 0.99. The coefficients in these
equations are as follows: p = —2.21 x 10712, q=-3.785x10 " r = 1.689 x 10712, s =
—3.634x 10713 ¢t =1.398 x 107 '? and u = 3.386 x 10713,
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Figure 2.9. (a) The variation of effective permeability (K) of the porous strip with respect
to various concentrations of food dye (C), the experimental fit of permeability in (b) in
Regime-1 and (c) Regime-1I. The expression of permeability in Regime-I and Regime-II
are obtained as K = pC? + qC + r inm? and K = sC? + tC + u in m?, with R? = 0.99.
Here, p = —2.21 x 10712, q=-3.785x10" r = 1.689 X 107125 = —3.634 x 10713,

t =1.398x 10" and u = 3.386 x 10713,

Table. 2.2. Estimation of concentration-dependent constant (F) of Eq. (2.15).

' K for all
Concentration )
) concentrations F
in % (w/v)
(m?)
0.2 1.52457x10*  0.903
0.5 9.4692x10*%  0.5613
1 1.37355x1012  0.8142
2 1.68174x10*?  0.9968

As discussed previously, the expression of permeability of representative
elementary volume of porous media proposed by Van der Westhuizen and Prieur Du Plessis
(1996) is valid for pure liquid in pores (refer to Eq. (2.14)). Using the same expression of
permeability for the case of pure liquid, the expression of effective permeability when
liquid having some species (e.g. food dye), is proposed in Eqg. (2.15) by introducing a
constant, F. The value of F, estimated for different food dye concentrations, is depicted in

Table 2.2. This information may help to accurately predict the permeability of complex
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paper-based porous media for the transport of analyte and biological species, mimicked by

the flow of aqueous food dye particles in this study.

2.6.3. Saturation-dependent capillary pressure and numerical predictions
As we know that the analytical solutions for the wicking phenomenon are based on

the Darcy’s law and Lucas-Washburn equations, while the interface between liquid and air
is assumed to be fully saturated or sharp. However, considering the realistic case for flow
of aqueous solution in paper-based porous media, the interface is rather than partially
saturated (Rath et al. 2018a). In this regard, the Richards equation can be considered to
mimic the saturation-based flow modelling inside the paper-based porous media (Rath et
al. 2018a). This mathematical framework needs model parameters to correlate the
saturation dependent capillary pressure and permeability, which can be estimated from the
experiments. Generally, the Brooks and Corey model is used to model the saturation-
dependent capillary pressure and permeability for complex porous media. Therefore, the
capillary pressure is experimentally measured using aqueous food dye solution and gel blot
sample in Eppendorf tube by rotating it in the centrifuge at the rotational speed in the range
of 100-13000 rpm. The capillary pressure is calculated using the formula: (Rath et al.
2018a)

_ Apwi(ri-r})

Pe . (2.17)

Here, Ap is the density difference between the food dye solution and air; r; and r,are the
radius of rotation of the sample in the Eppendorf tube close and far from the axis of rotation,
respectively. The variation of capillary pressure with change in saturation (§) is depicted
in Fig. 2.10(a) at different food dye concentrations. It is noted that saturation is defined as:

W—Wdry

Se

. Here, w, wg,, and wy,, are weight of the sample when it is dry and when
Wsat—Wdry

it is fully saturated, respectively. Observations indicate a sharp increase in capillary
pressure when the value of Se decreases toward 0. This phenomenon is attributed to the
rise in angular speed, resulting in a greater mass of liquid being drawn from the paper. This
increase in angular speed significantly enhances capillary pressure since it is directly
proportional to the square of the angular speed, as described in Eq. (2.17). Interestingly, it

is observed that the effect of concentration on capillary pressure is significant for the
smaller values of Se. For a given value of smaller Se, the value of capillary pressure

decreases with increase in concentration from 0.2 -0.5 % (w/v). It is because of the increase

in flow resistance by collision of dye particles, which is separately verified by the decrease
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in wicking length with change in concentration 0.2 -0.5 % (w/v) as depicted in Fig. 2.6(d).
On the other hand, an increased in capillary pressure is permitted by a concentration

increase from 0.5 to 2% (w/v). This is explained by the particles being trapped, which

reduces the effective pore radius and enhances capillary pressure.
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Figure 2.10. (a) Variation of capillary pressure obtained from experiments by varying the
normalized saturation of the liquid in the paper by varying the food dye concentration. (b)
The comparison of contours of liquid saturation obtained by the experimental and

numerical results when food dye concentrations are 0.2 % (w/v), 0.5 % (w/v) and 2 %
(Wiv).

After estimating the capillary pressure, the effort has been made to compute the

Brooks and Corey model parameters p,. and 4,,

which correlates the saturation and
capillary pressure/permeability for Richards’ equation. The details of Richards’ equation
and model parameters are presented in the Section 2.4. Further, the computational model
is developed to mimic as well as to analyse the saturation dependent flow of food dye
aqueous solution in gel blot paper using the COMSOL Multiphysics software (refer to
Section 2.4 for more information about the governing equations and boundary conditions).
For the numerical simulations, we use the Brooks and Corey model parameters as given in
Table 2.3. From the simulated results, the saturation field is obtained and compared with
the experimental results at different food dye concentrations in Fig. 2.10(b), obtained for
the time instant, t=10 s. We find a closer match between the experimental and numerically

predicted saturation fields in the considered range of food dye concentration. For more clear
understanding of concentration dependent saturation, the variation of Se at t=10 s in axial

direction of central region is depicted in Fig. 2.11. We observe that the capillary pressure

decreases with an increase in concentration in the range of 0.2 — 0.5% (w/v) (refer to Fig.
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2.10(a)). Conversely, an increase in concentration from 0.5 — 2% (w/v) results in an
enhancement of capillary pressure at a given saturation level (refer to Fig. 2.10(a)). In
summary, we can say that the predicted model parameters accurately able to predict the
flow field in gel blot paper having specific species concentration in solution. This
information leads to design of lateral flow assays which handles flow of solutions with

analytes.

Table 2.3. Estimation of Brooks and Corey model parameters at different food dye
concentration obtained from the capillary pressure versus saturation curve.

Cin%

(Wiv) = Y4,
0.2 8552  -4.45
0.5 4212 -35

1 5066 -38
2 7739 -4

.............. —0.2 % (w/v)
......... = =0.5% (w/v)

0.8F
S ......... 2 % (W/v)

0.6

02F N
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Figure 2.11. Variation of axial saturation level in paper strip by varying the food dye
concentration for the time instant 10 s.

2.7. CONCLUSIONS
This investigation delves into the concentration-dependent capillary flow dynamics of

aqueous dye solutions within the gel blot microfluidics paper. The gel blot paper chosen
for the experiments proves to be an ideal material for studying species interaction due to its
superior sample absorbency and volume per unit length compared to grade 1 and grade 4
papers. We have developed an analytical model to predict the capillary wicking process in
gel blot paper strips, employing the Brinkman-extended Darcy equation. This analytical

framework exhibits a good fit, as confirmed through verification with the case of deionized
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water as the flowing liquid. Additionally, experiments involving four distinct aqueous
solutions of food dye concentrations (0.2%, 0.5%, 1%, and 2% w/v) have revealed the
concentration-dependent wicking phenomenon. The fitting parameters for wicking length
versus time were obtained after estimating the time-dependent wicking length.
Accordingly, by calculating the unknown constants, denoted as B and g (refer to Egs. (2.8b)

and (2.9)), the effective permeability (K = %) was determined. Moreover, in the existing

model with a simple rectangular unidirectional fibre cell and pure liquid, the expression of
concentration-dependent effective permeability was established, introducing a constant, F
(refer to Eq. 2.15). The findings reveal a significant influence of food dye concentration on
wicking phenomena. In Regime |, an increase in food dye concentration led to a decreased
wicking length, while the enhancement was observed in Regime Il. Additionally, intriguing
observations were made in side-view examinations, particularly with liquid of higher
concentration (2% w/v). In this case, the fluid front angle was ~90° at lower and higher
time intervals, with an acute fluid front angle at intermediate time intervals. Notably, the
liquid front moved more quickly in the upper half than in the bottom half during
intermediate time intervals. Subsequently, the effective permeability exhibited a trend of
increasing at higher concentrations and decreasing at lower concentrations. Following the
calculation of concentration-dependent permeability, we estimated the value of the
constant, F (refer to Eg. 2.15). Furthermore, experimental estimations of saturation-
dependent capillary pressure have been conducted. It was observed that capillary pressure
increases with higher concentrations and follows a decreasing trend with lower
concentrations. Estimating the Brooks and Corey model parameters allowed us to
numerically model the saturation-dependent Richards’ equation and, consequently, the
related saturation-dependent flow field. This resulted in estimation of the saturation-
dependent capillary pressure and permeability. By solving the mass conservation equation
and combining Darcy's law, we conducted numerical simulations to obtain the saturation-
dependent fluid flow in gel blot paper using COMSOL Multiphysics. The experimental and
numerical results exhibited excellent agreement, suggesting the potential to develop paper-
based microfluidics devices with species concentration-dependent flow with greater
efficacy. In summary, the results of this study offer significant fresh insights into the
concentration-dependent wicking phenomenon in thicker gel blot papers, which is crucial

for developing low-cost testing devices for use in environmental and medical diagnostics.
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CHAPTER 3

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF
CAPILLARY-DRIVEN LOW-COST DROPLET GENERATION IN Y-
SHAPED PAPER-BASED POROUS MEDIA

This chapter analyzes pore-scale immiscible interfacial transport in paper-based porous
media, focusing specifically on capillary-driven droplet generation. The study investigates
the impacts of pore shape, paper grade, liquid saturation, and channel inclination on
interfacial dynamics, capillary pressure, droplet formation, and transport mechanisms. We
highlight how saturation-dependent capillary pressure and gravitational forces regulate
droplet formation, merging, and size consistency within fibrous pore networks.
Furthermore, the distinctive interaction between capillary and interfacial forces is
demonstrated to govern droplet stability and transport performance. Finally, we
demonstrate that micro-sized droplets appropriate for biochemical applications can be
passively generated at low-cost through controlled pore-scale forces.

3.1. OBJECTIVE

The increasing demand for accurately sized micro- and nanoscale droplets has
generated considerable interest in droplet control within microfluidic systems, owing to
their extensive applications in compound synthesis, chemical engineering, medical
diagnostics, cellular research, food sector, and the pharmaceuticals industry (Cai et al.
2025; Chowdhury et al. 2021; Lathia et al. 2023). Due to their increased surface-to-volume
ratio, droplets expedite reaction rates, promote heat transfer efficiency, facilitate high-
throughput experiments, and minimize reagent use. In lab-on-a-chip systems, droplets
serve as discrete reaction chambers, allowing for meticulous regulation of minimal volumes
and ensuring consistent testing under regulated circumstances.?

Recent research has concentrated on the generation of droplets employing
microchannels and micro-capillaries, wherein droplet disintegration adheres to energy
balance principles, including the Roof snap-off principle, and is influenced by capillary and

shear pressures. Diverse geometries, such as T-junctions, diverging channels, and multi-

2 Contents of this chapter is published in the journal of Soft Matter, VVolume 21, Pages
6891-6909, 2025, DOI: 10.1039/D5SM00498E
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inlet microfluidic devices, have been utilized to produce droplets of precise dimensions.
Conventional microfluidic platforms are frequently costly, labour-intensive, and dependent
on external pumping systems, which restricts their accessibility and scalability.
Paper-based microfluidic strips provide an inexpensive substitute for droplet
generation driven solely by capillary wicking in order to overcome these drawbacks. The
intricate microscale pore structure inherent to paper enables dispersed-phase breakdown
and droplet transport without the need for external actuation. Prior research demonstrates
that pore geometry, saturation, and pore obstruction affect droplet formation and retention
in porous media (Azizov et al. 2022). Furthermore, the inclusion of cellulose fibers adds
complexity to the behavior of two-phase flow. This work aims to examine the essential
mechanisms that regulate the generation of microsized droplets in paper-based porous

surfaces.

3.2. MATERIALS AND METHODS
3.2.1. Materials

We have fabricated Y shaped (as shown in Fig. 3.1) paper strip using Whatman™
Grade 1 (CAT No. 1001-125; Lot No. 17723247).and Grade 4 filter paper (CAT No. 1004-
125; Lot No. 18055904). We fabricated paper strip with desired dimension using a CO>
laser cutting system (Fusion Edge Laser Series, Epilog Laser) at 3W. The dimensions of
the channel are shown the Fig. 3.1. The paper strip was kept on a stack of glass slides as a
base to adjust the height of the channel inlets and outlet according to the height of the petri
dish. Acrylic cubes were machined in the workshop and were used to produce an inclination
angle to the fluidic pathway kept on a glass slide (cf. Fig. 3.1). The cubes were rubbed on
sandpaper to even out the rough edges. Mineral oil was procured from Himedia and used
as the dispersed phase liquid. We used Milli Q water as the continuous phase liquid.
Disposable petri dishes (35 mm dia) were purchased from Tarsons. Images and videos were
captured with a high-resolution Nikon mirrorless camera (Nikon Z 50). The oil droplet
movement inside the pore structure of the paper-based microchannel was observed and
captured using 10x magnification objective lens of upright microscope (make: Nikon,
model: ECLIPSE Ci). We calculated the diameter of the generated droplets from the
captured videos by using MATLAB and ImageJ® software (Schneider et al. 2012).

42
TH-4048_196103022



3.2.2. Methods
3.2.2.1. Experimental procedure for droplet generation

Figure 3.1 shows the arrangement where the Y-shaped paper-based fluidic pathway
is placed on a glass substrate. The height of the paper strip is adjusted such that the petri
dishes and the fluidic pathway lie on the same plane. The width of the channel, considered
to be 3 mm in this analysis, was maintained throughout the channel. We considered the
length of the larger part (3 cm) of the Y-shaped fluidic strip for all experiments conducted
in this endeavour. The paper-based strips are first kept in warm DI water to remove
impurities, if present any, from therein. Afterward, they are oven dried at 27°C for 20 mins.
The tip of the end of the strip is dipped inside the Milli Q water for the collection of
generated droplets in the petri dish. During the experimentations, mineral oil was supplied
to the right arm of the Y-shaped paper strip, and Milli Q water is supplied to the left arm
of the same. Following the capillary imbibition, the water and oil are wicked through the
paper-based fluidic pathway. At the Y-junction of the paper strip, the oil coming from the
right arm of the Y-shaped paper strip gets sheared-off to form droplets because of the fiber
structure of the paper. The water flowing from the left arm takes the oil droplets being
generated with it to the end of the Y-shaped paper strip and then to the petri dish containing
Milli Q water. Note that, for a given strength of capillarity, the Milli Q water coming from
the left arm acquires increased velocity as compared to the imbibition of oil, attributed
primarily to a relatively lesser viscosity of Milli Q water. So, the right arm is placed first in
the petri dish containing mineral oil and after the oil has reached the bifurcation junction
of the channel, water is let through the right arm of the fluidic pathway. After the Y -shaped
paper strip is fully saturated, 5mm of the length is then dipped in the petri dish containing
Milli Q water as shown in Fig. 3.1. The droplets can be seen coming out of the fluidic
pathway. A digital camera, as mentioned before, is used to record videos of the process of
droplet generation from the microporous structures of the paper-based fluidic pathway. The
videos were converted into images using MATLAB code. The number of droplets are
counted and ImageJ®(Schneider et al. 2012) software is used to measure the diameter of
droplets. A detailed analysis is made to figure out the droplet generation rate.

The experiments are repeated five times to establish the proof-of-concept as well as
to ascertain the repeatability of the underlying droplet generation phenomena. Every time
the glass slides are cleaned properly with the chloroform and a new Grade 1 paper-based
fluidic pathway is used before running an experiment. It is worth mentioning here that we

conducted experiments by considering the inclination angle of 0° and 10°.
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Figure 3.1. (a) Illustration depicts the experimental setup and data analysis for droplet
generation using a paper substrate, (b) the glass substrates are angled using acrylic base for
studying effect of different paper substrate positions on droplet generation, (c) Top view of
experimental arrangement with ongoing droplet generation, (d) zoomed view of the
generated droplets in the petri plate.

3.2.2.2.  Experimental procedure for measuring the capillary pressure as a function
of saturation

In order to determine capillary pressure as a function of liquid saturation, we have
cut Whatman Grade 1 and Grade 4 papers into rectangular strips (2.3 cm x 0.5 cm). The
fabricated paper strips were then saturated initially with Milli Q water. Subsequently, these
strips were saturated with a mixture of mineral oil and Milli Q water. Colloidal form of
mineral oil and water was prepared taking 50 % of each by volume and then vortexed
(Spinix- Vortex shaker, Tarsons). The saturated rectangular strips were subsequently
positioned in a 600 pL. Eppendorf tube with a slot at the base. Prior to inserting the tubes
into the centrifuge, the 600 puL tube was positioned within a 1.5 mL Eppendorf tube and
subjected to centrifugation, starting at 300 rpm and increasing to a maximum of 13,300
rpm with incremental adjustments in speed. After the spin at each speed, the paper strips

were removed from the tube and weighed in. These weights were further used to calculate

saturation (Se) of liquid, which is defined as the fraction of the pore volume filled with
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(W_Wdry)

liquid. The saturation value was calculated as: Se = :
(Wsat_Wdry)

where wis the weight of

the paper strip after each spin,wg,., is the dry weight and wg,, is the weight at full
saturation. The Hassler-Brunner model (Xu et al. 2022) seems to be limited in its accuracy
in estimating the capillary pressure in the centrifuge method, according to research by Xu
et al. (2022). Instead, they proposed a more precise method for estimating saturation-based
capillary pressure in centrifuges, known as the double integral method. According to the
double integral approach, the saturation dependent capillary pressure can be represented
as:(Xu et al. 2022)

512

pe = Apw? (5 +2) (3.1)

Where, Ap is the difference in the densities of wetting and non-wetting fluids. In the present
study, 4p = 998.79 kg/m?® was taken when only Milli Q water is wicked through the paper
strips and Ap = 933.8 kg/m? was used when the mixture of 50-50 % mineral oil and Milli
Q water. Also, R and L denote the distance from the axis of centrifuge rotor to the centre

of the core and the length of the core, respectively.

3.2.3.  SEM imaging and contact angle measurement

Whatman™ Grade 1 and Grade 4 filter papers were cut into 1 cm X1 cm square
strips. Glass slides were cut into 1 cm X 1 cm square shapes using a glass cutter and the
paper strips were pasted on them using carbon tapes. Before being loaded into the
instrument for topographical imaging the paper specimens were gold coated. Then the Field
Emission Scanning Electron Microscope (FESEM, make: Zeiss, model: Sigma) has been
used for the visualization of the pore structure inside the Grade 1 paper and Grade 4 paper
at 141x magnification.

For the measurement of contact angle, we have used Grade 4 paper as the base
substrate and carefully placed on a glass slide for support. The base was then placed on the
stage of Goniometer (make: Apex Instruments) and with the use of a microliter glass
syringe (make: Hamilton Co.) and droplet dispensing module (Acam-NSC) 5 ul droplets
(oil and water) were put on the grade 4 paper. The image was captured using a CMOS
camera (Nikon, D5200) after 80 ms of the droplet contact with the paper and a white light
source along with a diffuser was used to illuminate the droplet. The contact angle was then
calculated from the captured images using the ImageJ® (Schneider et al. 2012) software.
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3.2.4. Foundations of droplet generation in porous system

As depicted in Fig. 3.2, which demonstrates two relevant forcing exerted on a droplet
at the membrane pore. One being the detaching forces (Fj,), which push the droplets away
from the pore, and the other is the retaining forces (Fg), which keeps the droplets attached
to the pore (Piacentini et al. 2014). The detaching force includes capillary force, static
pressure force and gravitational force. On the other hand, the retaining force includes to
interfacial forces which is able to attract liquid molecule towards the pore surface (Amiri
Roodan et al. 2020; Norouzi Darabad et al. 2024; Sharratt et al. 2018; Shenoy et al. 2025).
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Water Medium
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F, Fp=Detaching
Force
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gyl
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»
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Figure 3.2. The mechanism showing the oil droplet generation under the interaction of
detaching and retaining forces.

3.2.5. Dimensionless number analysis associated with droplet generation

For the associated droplet generation, oil and water transported mainly via driving
capillary force. During the mixing of water and oil stream after the junction, the order of
mean velocity (uref) for Grade 4 paper strip is obtained as ~10* m/s using the image

analysis of the temporal interface. For mean density (0,,e4n) as 935 kg/m® and viscosity of

oil (ug) as 0.0306 Pa-s, the order of Reynold number (Re =”'"”ZM) is obtained as
B

~107 considering the characteristic length scale as pore size for both Grade 1 and Grade 4
paper. Hence, we can safely say that the underlying flow inside the paper strip is highly

viscous force dominated as compared to the inertial counterpart. Moreover, the ratio of
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viscous to surface tension force is represented by the capillary number (Ca = %‘M)

where o (= 0.0583 N/m) is interfacial surface tension coefficient. Hence, the order of Ca
is obtained as ~10*. Hence, the flow is capillary dominated as compared to the viscous
counterpart. Furthermore, the influence of gravity on droplet generation can be quantified

. _ 2
in terms of the dimensionless Bond number (Boe = gsme(p;” p")dp), which is defined as

ratio of relative magnitude of gravitational force acting on wetting phase liquid (compared
to non-wetting phase liquid) to the surface tension force (Li et al. 2018; Ray et al. 2010).
For paper strip with inclination angle 6 = 0°, 5°, 10° and 20°, the value of Bog is obtained
as 0,2.9 x 107, 5.9 x 107 and 1.16 x 10, respectively. Additionally, the Darcy number

(Da), which represents the dimensionless form of permeability, is expressed as Da = X,
dp

Here, permeability of complex pore structure of paper strip is expressed as k =

r§n¢(1—1/1—¢)2

24(1-¢)15

of Grade 1 (1, = 5.66um, ¢ = 0.68) and Grade 4 (1, = 11.7um, ¢ = 0.77) are obtained

; where r, and ¢ are pore radius and porosity, respectively. The permeability

as 2.8x1072m? and 2.99x10** m?, respectively. Hence, the value of Da is obtained as

2.1 x 107%and 6.1 x 1072, respectively, for Grade 1 and Grade 4 paper.

3.3. MATHEMATICAL MODELLING FOR TWO-PHASE FLOW

The mathematical modelling framework consistent with the phase-field method, as
developed in this endeavour to investigate oil droplet formation pertaining to oil-water
transport through paper-based fluidic pathway, is described below.

Phase-field method

In the phase-field method, interface separating immiscible liquids is typically considered
as diffuse thin layer in which the fluid properties such as viscosity and density vary steeply
but continuously. The phase-field method has thermodynamic basis and originated from
free energy theory (Liu et al. 2013; Moelans et al. 2008; Mondal et al. 2015a; Yang et al.
2021). This method has an inherent feature of alleviating the stress singularity at moving
contact line. In the present study, we consider incompressible immiscible transport of
binary system, constituted by two Newtonian liquids. The physical domain considered for
numerical simulations of a single pore structure is taken as a converging- diverging shape

(c.f. Fig. 3.3 (a)) which is in accordance with the pore structure observed through SEM
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imaging (c.f. Fig. 3.3 (b)). According to phase-field model, the free energy for system can
be written as follows (Liu et al. 2013; Mondal et al. 2015a; Pismen and Pomeau 2000):

Fre(9) = [,[0.5%(V?9) + f(p)]002 (3.2)
In Eq. (3.2), the bulk free energy can be expressed in double-well function as f(¢) =
a(p? — 1)? with arbitrary constant, a. Now, f'(¢) = be® — ce; where b and ¢ can be

measured by the molecular dynamic simulation as b = ¢ = 832 with interface thickness, ¢

and mixing energy density W (Bai et al. 2017). The interfacial surface tension is expressed

as az(%z)%. Accordingly, the chemical potential can be written as G =

SL;;S [—\72(,0 + [(%) (2 — 1)”. Hence, the surface tension force can be expressed as:
%=2v ¢

3
E =679 = | 255|277 + (@) (0? - D7y (33)

Now, the much celebrated Cahn-Hilliard equation, also known as the phase-field equation,
can be written (Cahn and Hilliard 1958, 1959):

2 +u-Vp="V-(MVG) (3.4)

Here, M = y&? is the mobility parameter that controls the interface thickness. Note that y
plays a role as mobility tuning parameter (Bai et al. 2017).

The transport equations governing the flow dynamics through the paper-based
fluidic pathway are written below (Liu et al. 2013; Mondal et al. 2015b):
V-u=0 (3.5

P (Z—Z +u- Vu) =-Vp+ V- -u(Wu+ Vw)h) + GVe (3.6)

Here, the equivalent density: p = p, ((1;"’)) + pp ((1;"’)), and viscosity:u =

Ua (@) + ug ((1’;"’)), p is the pressure field; and A and B corresponds to water and oil,

respectively. Note that Eq. (3.4) takes care of the dynamical evolution of the interface in
tune with the flow velocity. The last term of Eg. (3.6) accounts for the forcing term that
stems from the presence of the interface, dynamically evolves with the flow velocity, in the
flow field.
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Non-dimensional form of governing equation

The governing equations mentioned above have been normalized using the following

scales: 7 = (l)< aa), = (ul+7j) = - , t= Tp b= (usgrefy ﬁzﬂ_A, ﬁzp_A,

T —_ Uu u
p 6x,ay ref ref o Up PB

2
PBUrefT: UpefT: £ UBU
Re =282 po =TSP =2 (g ="
up oM Tp g

Dimensionless Cahn-Hilliard equation

% + (- Vo) = W_P—V [V(—anﬁ(p + [p(@? — 1)])] (3.7)

Dimensionless continuity and momentum equation:

V-u=0 (3.8)

Rep (% + - W) =-Vp+V-ag(Vu+ (Vu)") + ﬁ(—anﬁgo + @(p? — 1))%([}
(3.9

Here, p = ((1;@) + ((P:p)) o, 4= ((1;4))) + ((1-!2-<p)) "

For the numerical simulations, we have imposed @;1e¢ = 1, Doutier = 0 and symmetry at
the centreline, i.e., the transport variable gradient at the centreline equal to zero. Further,

we have also implemented, Pe = 0.2 (YUE et al. 2010), Re =0.0001, Cn = 0.01 (YUE

etal. 2010), © P4 — 1.14, ®A = 0.033 for oil-water combination. The capillary number for
UB

Grade 4 paper is taken as Ca = 10~* for numerical simulations as discussed in sub-section

3.2.5. Now, using the Hagen—Poiseuille equation, the velocity profile is written as u =

—Ap"f;” ) with Ap, = 29056, Hence, the reference velocity scale (uref) can be written

BL

asu _ 2pe(rp) . Therefore, the value of u,.. - for Grade 1 paper will be two times higher
ref ref pap g

4upl

than that of Grade 4 paper because 7, of Grade 1 is half of Grade 4 paper. As a result, the

Ca for Grade 1 paper is taken as 2 x 10~* for numerical simulations.

We have used the finite element framework of COMSOL Multiphysics™
(Multiphysics 1998) to solve the dimensionless transport equations with the boundary
conditions mentioned above. The domain of computation is divided into triangular domain
using the linear shape function for the transport variables. Moreover, the time-dependent
segregated type solver is used to compute the velocity field and phase field parameter step-
by-step rather than simultaneously. In the segregated stage, the parallel sparse direct solver

(PARDISO) is used to compute the velocity, pressure and phase field parameter. Now, we
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have presented the grid independent test, as shown in Fig. 3.4, by varying the Cahn number-
a dimensionless number that measures the effective grid sizes in this endeavour. Hence, the
depicted variation in Fig. 3.4 essentially underscores the effect of grid sizes on the results
discussed in this study. We can see that the dynamical shape of the interface becomes
independent of Cahn number as its value changes from 0.015 to 0.005. Following this
observation, we have used Cn = 0.01 (YUE et al. 2010) for all simulations performed in

this analysis to predict the results of our interest with optimized computational cost.
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Figure 3.3. (@) Schematic of the solution domain showing the governing transport
equations and the appropriate boundary conditions. (b) SEM image of the Grade 4 paper
showing the converging-diverging passage in pore structure.

50
TH-4048_196103022



0.5

0.4}

03}

0.2

SN
0.1
00 , 1 Cn=0.005-
Cn=0.01

N ememeCn = 0.015 |
-===-Cn=0.02

0.2 : ' ' [ |

15 2.0 20 0

Z
Figure 3.4. Grid Convergence test at different values of Cahn number.

3.4. RESULTS AND DISCUSSION

The innovative Y-shaped paper-based fluidic pathway facilitates precise and continuous
droplet formation. The number and size of the generated droplets were examined by
altering the paper type, width, and angle of inclination. Furthermore, we conducted a
statistical analysis of the distribution of the droplet size and number in relation to the

aforementioned input parameters.

3.4.1. Effect of paper type and oil-water mixture on saturation dependent capillary

pressure

Droplet generation in a paper-based device occurs primarily due to the prevailing
capillary pressure when oil and water come into contact. Accounting for this aspect, we
first undertake an effort to analyse the saturation-dependent capillary pressure pertaining
to the present flow configuration before moving on to the assessment of droplet generation
dynamics. Figure. 3.5 depicts the saturation-dependent capillary pressure for three distinct
cases: Milli Q water in Grade 4 paper, a 50-50% mixture of mineral oil and Milli Q water
in Grade 4 paper, and a 50-50% mixture of mineral oil and Milli Q water in Grade 1 paper.
Here, the saturation based capillary pressure is calculated using Eq. (3.1), which is derived
from the double integral method. It is evident that when saturation levels rise, capillary
pressure decreases. We attribute this observation to the existence of liquid filled pores in
the flow pathway. Notably, some fraction of liquid filled pores resist formation of interface
(liquid and air) to provide with the surface tension force in the underlying dynamics. It is

observed that droplets generation continues up to the outlet of the fluidic pathway following
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the availability of the water-oil mixture therein. This observation indicates that paper-based

fluidic pathway is in a state of high liquid saturation. Consequently, in the inset of Fig. 3.5,
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Figure 3.5. Variation of saturation-dependent capillary pressure (using double integral
method) obtained via rotation effect for (a) Whatman® Grade 4 paper with Milli Q water,
(b) Whatman® Grade 4 paper with mixture of mineral oil and Milli Q water and (c)
Whatman® Grade 1 paper with mixture of mineral oil and Milli Q water.

- we have specifically shown the high saturation level regime. It is noted that the addition
of oil with water (see Fig. 3.5(b)) allows higher capillary pressure as compared to the case
with pure water (see Fig. 3.5(a)) at higher saturation level. This observation is attributed to
the requirement for a higher centrifugal force to expel the oil-water mixture compared to
water alone, primarily due to the increased viscous resistance provided by the oil. The
capillary pressure is observed to be higher for Grade 1 paper [see Fig. 3.5(c)] than for Grade
4 paper (see Fig. 3.5(b)) at higher saturation levels of the oil-water mixture. The increased
capillary pressure of Grade 1 paper is attributable to its smaller pore size (11.32 um) relative
to Grade 4 paper (23.4 um). Consequently, the reduced pore size of Grade 1 paper facilitates
an increased surface area to impede the flow of an oil-water mixture when subjected to
centrifugal force. Consequently, a greater centrifugal force is necessary to expel the trapped
air in Grade 1 paper compared to Grade 4 paper. Thus, Grade 1 paper exhibits a greater
capillary force than Grade 4 paper at higher saturation levels for an oil-water mixture.

3.4.2. Liquid imbibition and droplet generation within the fibrous matrix of paper
Generating monodispersed submicron emulsions is challenging because of the
substantial energy needed to make small droplets (Tan and Lee 2005). Furthermore, in a
controlled experiment, it is crucial to have droplets that do not split or agglomerate over
time (Yobas et al. 2006). We performed specialized tests of oil droplet generation on Y-

shaped paper-based fluidic strip as discussed next.
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Figure 3.6. (a) Schematic depiction of the set-up for oil droplet generation using a Y-shaped
Grade 4 paper strip: Microscopic zoomed view of the oil droplet transport in (b) Region 1,
(c) Region 2, (d) Region 3 and (e) inside the petri plate at the outlet of the paper strip.

The spontaneous flow of the wetting liquid through the pores due to the capillary
pressure is a highly desirable characteristic of a porous paper matrix. This characteristic
feature greatly enhances the paper's ability to handle fluid flow effectively. A porous matrix
consisting of a connected network of pore spaces and tortuosity can effectively facilitate the
uptake of fluids into the porous material without requiring of any external driving
mechanisms (Patari et al. 2023; Toley et al. 2018). Hence, the Grade 4 paper, as shown in
Fig. 3.6, is able to generate the oil droplets because of the capillary pressure (see Fig. 3.5(b))
driven flow of Milli Q water and mineral oil (see Fig. 3.6(a)). It is noted that the oil droplet
starts forming at the junction region, called region 1. Due to the capillary force, oil droplets
start moving towards the region 3 followed by region 2. Interestingly, it is observed in Figs.
3.6(b) - (d) that the droplets size in paper fluidic strip becomes higher as they move from
region 1 to region 3. This observation can be attributed to the enhanced residence time of the
droplets because of the reduced capillary pressure owing to the enhancement in saturation
level (see Fig. 3.5(b) as they move from region 1 to region 3. The higher residence time
allows merging the droplets to become larger in size. Hence, we have critically discussed the
phenomenon of merging of the generated droplets in the forthcoming paragraph. Finally, the

transported droplet due to the capillary action is collected in petri dish as shown in Fig. 3.6(e).
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(b) Droplet flow mechanism
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Figure 3.7. (a) Real-time flow images corresponding to Region 2 of Y-shaped Grade 4
paper strip showing the temporal evolution of oil droplets in the porous paper at (a) t=0s,
@i)t=1s, (i) t=2sand (iv) t = 4 s showing the elongation and merging of oil droplets.
(b) The clear view of temporal oil droplet merging and elongation in paper-based porous
media. (c) Contact angle obtained for Milli Q water and oil droplet on Grade 4 paper at the
end of 80 ms after the contact in air. (d) Contact angle depiction of oil droplet at pore
surface in water medium obtained from microscopic image (e) Droplet size prediction from
numerical simulations consistent with the phase-field model for Grade 1 and Grade 4 paper
pores.

To see the underlying mechanism of droplet formation in paper-based fluidic strip, we
have shown the temporal evolution of oil droplets in Fig. 3.7(a). We have observed two

types of important mechanisms which also helps to transport droplets along with the
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capillary force. These two mechanisms are merging and elongation of the droplets. As
shown in Fig. 3.7(b), the droplet merging is possible because of the oleophobic nature of
Grade 4 paper having cellulose-rich content. For Grade 4 paper with oil and Milli Q water
droplet, three phase contact angles are found to be 40.3° and 15.5° respectively, (see Fig.
3.7(c)), measured in air after 80 ms of contact of oil droplet on pore surface. It is important
to clarify that these are transient advancing contact angles; the higher value for oil at this
instant is attributed to its higher viscosity delaying the spreading process. Which means oil
has relatively less philic nature as compared to the Milli Q water for Grade 4 paper.
Therefore, as shown from Fig. 3.7(d), the oil droplet has higher contact angle at the pore
surface surrounded by water. Hence, oil droplets are formed due to the oleophobic
condition at surrounding and undergoes deformation and merging. The two oil droplets,
closer in the pore site, are able to flow because of the prevailing capillary force generated
between micro-sized capillaries and gets merged. Afterwards, the merged larger droplet
elongates under the capillary flow of continuous phase water.

Moreover, we compared the relative size of the formed droplet derived from the
numerical simulations as depicted in Fig. 3.7(e). It may be mentioned here that we have
employed the phase-field model in this endeavour to simulate the droplet generation
phenomenon (refer to Section 3.3). It is worth to mention here that the droplet generation
inside the pore nearly follow the Roof criteria as discussed in the subsequent sub-section.
We can clearly see that relative size of the droplet after generation in pore site of the fluidic
pathway matches the numerical results for both Grade 1 and Grade 4 paper pores.
Consequently, the related local phenomenon of droplet generation can be elucidated using
simulated results, as discussed in the subsequent paragraph.

Additionally, in the present study we have not observed any significant swelling of
the porous paper strip during the co-wicking of the mineral oil + Milli Q water in the
microscopic pore images of the paper strip before and after the biphasic flow. According
to literature,(Chang and Kim 2020; Lioumbas et al. 2013) water as a polar liquid can cause
swelling in cellulose fibres through hydrogen bonding, while non-polar liquids such as oils
have limited interaction with cellulose due to the lack of such bonding. In the case of co-
wicking, oil presumably mitigates the water swelling by partially filling the pore network

and limiting extensive fibre hydration.

55
TH-4048_196103022



3.4.3. Droplet generation in pore: Relevance of Roof criteria

To simulate the oil droplet generation in numerical model, we have taken a
converging-diverging shape (see Fig. 3.3 (a)) — a shape of the pore structure obtained from
SEM imaging, as shown in Fig. 3.3 (b). The throat radius (r,,;,) of the converging-
diverging pore pathway is an important parameter for the generation of droplets following
snap-off phenomenon as per the Roof criteria (Roof 1970). According to Roof criteria
(Roof 1970), the droplet snaps off from the liquid stream when the evolving droplet
curvature radius (r;) becomes twice the radius of the throat, i.e., vy = 27,,,. In order to
determine the throat radius, we have obtained the radius of the pore constriction from SEM
imaging (see Fig. 3.8 (b)) of the transverse section of the Grade 4 paper and the distribution
of the same has been given in the Fig. 3.8 (a).

Figure 3.8(c) shows the 2D and 3D views of the droplet generation from three
different normalized values of throat radius 7;,;,, /d,= 0.03, 0.045 and 0.06, respectively.
The variation of the normalized droplet (generated after the throat) radius with the
normalized throat radius is demonstrated in Fig. 3.8 (d). This observation shows that the
chosen throat radius (r,,,;,,) is in nearly accordance with the Roof criteria (Roof 1970) for
droplet snap-off (Armstrong et al. 2016). Hence, for the representative cases of different
throat radii considered for this endeavour, which are consistent with the SEM imaging as
well (see Fig. 3.8 (b)), pore structure is deemed capable to produce droplets as we

experimentally found (see Fig. 3.7 (a)).

3.4.4. Effect of paper strip orientation on the droplet generation

In Fig. 3.9, we have shown the effect of gravity and the distribution of droplet
generation in terms of number and size in the porous structure of the chosen paper strips.
We found that with increase in the inclination of the paper strip from 0° and 10° the
weighted average of diameter decreases from 0.8323 + 0.00216 mm to 0.5716 + 0.00119
mm. This observation can be attributed to the combined effects of gravity as well as
capillary force acting in tandem on the droplet formation dynamics as well as underlying
water transport. The values of Bog obtained by varying the inclination angle for Grade 1
paper is presented in Section 3.2.5. We can clearly see that the non-zero value of Bog at
6 = 10° enables a smaller average droplet size. This happens because the droplets are able
to overcome the adhesive forces (retaining force) more quickly due to the enhanced

detaching force stems from the contribution of gravity on wetting liquid, water (see Fig
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3.2). It is owing to the larger density of water as compared to oil allows more gravitational
forcing to act on the wetting phase liquid, i.e., water. Furthermore, as elaborated in the next
paragraph, larger inclinations with @ greater than 10° do not produce any micro-sized
droplets.
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Figure 3.8. (a) Distribution of the minima pore size obtained from (b) SEM image. (c)
Droplet generation obtained from the numerical simulation by varying r, in 2D and 3D
view. (d) Variation of normalized droplet curvature radius (rq/dp) after throat by varying
the throat radius which is nearly consistent with Roof criteria.(Roof 1970)
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We varied inclination angles (for paper strip) as 0°, 5°, 10°, and 20° and examined
the droplet generation morphodynamics. It has been observed from Fig. 3.10 that droplet
size decreased progressively with increasing inclination from 0° to 5° to 10°. However, the
variation in droplet size between 0° and 5° was minimal. Additionally, increasing the
inclination to 10° resulted in smaller droplet diameters. This trend can be explained by the
Bond number (Bog), which at 10° is approximately twice that at 5°, indicating a stronger
influence of gravitational forces. At 10°, the enhanced detachment force arising from

gravity acting on the wetting liquid, water facilitates faster droplet release (see Fig. 3.2).
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Figure 3.9. Plots showing the distribution of number of droplets collected and its size in
the petri plate generated from the microporous structure of the paper strip when (a) paper
channel is horizontal, (b) paper channel is 10° with the horizontal, (c) tabulated Bond
number values (Bog) for Grade 1 and Grade 4 paper at different inclination angles (0° and
10°).

When the inclination was further increased to 20°, the oil phase no longer formed discrete
droplets but instead developed into a continuous film at the outlet in the Milli-Q water Petri
dish as shown in Fig. 3.10 (d). At this angle, the Bond number increases by an order of
magnitude compared to 10° (see Section 3.2.5), indicating that gravitational forces now

overpower the interfacial retention forces within the pore structure. Additionally, the
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residence time becomes too short for neck formation, a critical step in droplet pinch-off,
thereby preventing the generation of discrete droplets and resulting in continuous film
formation. Hence, from the aforementioned discussion it can be concluded that the droplet
generation method from the porous paper strip can be valid upto ~ 10° inclination.
Consequently, the droplets detach from the pores more rapidly, and get less residence
time for merging to form a relatively bigger droplet. Hence, the reduced merging effect
results in decreased average droplet size at & = 10° as compared to 8 = 0°. Also, the
enhanced detaching force on droplet as well as enhanced driving force of wetting phase
liquid (water) help generation of large number of droplets with average size (see Fig. 3.9a
and 3.9b). The larger average pore size of Grade 4 as compared to the Grade 1 paper results
in higher magnitude of Bog for Grade 4 paper, as shown in Fig. 3.9(c). From the
aforementioned discussion, we can deduce that the fluidic pathway configuration with
inclination angle of 10° is able to produce greater number of uniform sized smaller droplets
in the petri dish. It is worth adding here that the smaller droplet sizes enables the reactions
at volumes comparable to biologicals activities in cells and may allow precise control over
biochemical analyses (Tangen et al. 2015). Hence, we have taken 10° inclination of paper
strip for further analysis in this study. It is noted that the percentage deviation in droplet
sizes in batch to batch variability is £ 2.31 %, whereas the percentage deviation within

batch variability is £ 1.76 %.
(b)§=5° (c)0=10° (d)6=

=1 3N

20°
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D,=0.8323 = 0.00216 mm D,=0.8019 £ 0.028 mm D,=0.5716+0.00119 mm  Visible oil film on the top
Figure 3.10. Effect of channel inclination angle on droplet generation: (a) 6 = 0°, (b) 0 =
5°,(c) 6=10°, and (d) 6 = 20°
3.4.5. Effect of oil inlet width and paper strip width on the droplet generation

We have shown, in Fig. 3.11, the effect of width of the oil inlet part of the fluidic
pathway on the distribution of droplets generated from the Grade 1 paper strip. As the width
of the oil inlet part increases, the average size of the droplets decreases significantly. This
can be attributed to the increase in capillary driving force when the oil mixes with water in

the paper strip (see Fig. 3.5a and 3.5c). An increase in width (oil inlet part) provides a
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greater number of pores for oil transport. Which allows increase in capillary pressure

because of the larger fraction of oil as compared to water on wider oil inlet paper strip.

Therefore, the increased capillary pressure increases the flow rate at larger widths. Thus,

the increased detaching force facilitates a swift generation of smaller-volume droplets in a

reduced time span for larger oil inlet width part of paper fluidic strip. Important to add, the

micro-sized droplet generation observed in our study (~ 357.5um) corresponds to existing

findings on droplet formation in conventional microchannels as well (Jena et al. 2023).

Hence, we can say that the low-cost simple paper-based fluidic strip is able to generate

micro-sized droplet at very low-cost when compared to costly conventional microfluidic

device assisted droplet generators (Jena et al. 2023).
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Figure 3.11. Plots illustrating the distribution of number of droplets collected in the petri
plate by the microporous structure of the paper fiber. Images were obtained for three
different widths of the oil inlet arm of the "Y' channel, (a) 3 mm, (b) 4 mm, and (c) 5 mm.
Here, Grade 1 paper has been used to generate the droplets.
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Subsequent to the discussion on the oil inlet width, we demonstrated how paper
dimensions impact droplet generation with inlet and outlet widths of 3 mm, 4 mm, and 5
mm in Fig. 3.12. It has been found that micro-sized droplets develop only when the paper
width is 3 mm. Whereas, no micro droplets are generated at wider widths (4 mm and 5
mm). The larger the number of pores, the stronger the capillary force and the intensity of
the flow field inside the paper strip. Consequently, the oil droplet at the pore throats has a
shorter residence period due to the stronger flow field. Because of the shorter residence
period, the oil stream travels directly to the outlet without generating any droplets.
Furthermore, the longer residence time because of the considerably weaker capillary force
due to the smaller number of pores for a 3 mm paper strip width confirms droplet
generation. We found that paper strip with 3 mm width facilitates droplet generation, while
paper strip with bigger widths does not produce any micro-sized droplets.

~
= A

Paper ' ! —
o (a) 3 mm (b) 4 mm (¢) S mm

Figure 3.12. Effect of paper dimension on droplet generation: (a) 5 mm, (b) 4 mm, (c) 3
mm. Droplet size decreases significantly as channel width decreases

3.4.6. Temporal distribution of collected droplet

We have shown, in Fig. 3.13(a), the cumulative number of collected oil droplets for
each 5 s. Note that the data presented in Fig. 3.13 were obtained using the fluidic pathway
fabricated on Grade 1 paper. We found that the cumulative droplet generation enhances
with time and gets constant at higher time steps. It is attributed to the existence of capillary
force until the paper fluidic strip gets fully saturated (see Fig. 3.5). Hence, the capillary
force is able to generate the droplets up to ~ 95 s because of the existence of driving
capillary force. Whereas, the absence of capillary driving force allows constant number of
droplets at time instance greater than ~ 95s. Moreover, for better visualization on

understanding of the temporal droplet generation, the number of generated droplets for each
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5 sis shown in Fig. 3.13(b). It is observed that number of generated droplets for each 5s is
very high and nearly constant in regime I. The dominating role of higher magnitude of
capillary pressure at relatively lower saturation level in the strip (see Fig. 3.5) allows higher
driving force and produce greater number of droplets. This regime signifies the high droplet
generation rate. In regime 11, the reduced capillary pressure (see Fig. 3.5), primarily because
of the enhancement in saturation level, sharply reduces the number of droplets for each 5s.
This regime signifies the reduction in temporal droplet generation rate. On the other hand,
the paper gets fully saturated in regime 111 with zero capillary pressure (see Fig. 3.5). Hence,
the absence of the driving force does not generate any further droplets in regime III.
Moreover, the isolated droplet can be storage for the further application using 96 wells

culture plate as presented in Section 3.4.9.
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Figure 3.13. (a) The change in cumulative number of the droplets in petri plate over each
5 s for Grade 1 paper strip with an inclination of 10° (b) Plot depicting the number of
droplets collected in petri plate for each 5 s using Grade 1 paper strip.
3.4.7. Effect of paper type on droplet generation

The influence of paper type on droplet size distribution is illustrated in Figs. 3.14(a)
and (b). The wetted average droplet size is smaller for Grade 1 paper fluid strip than for
Grade 4 paper strip. This finding is attributed to the smaller pore size of Grade 1 paper
(11.32um) compared to Grade 4 paper (23.4um), which facilitates higher capillary pressure
to prevail, as illustrated in Fig. 3.5(b) and (c). The intensity of axial surface tension force
is greater in Grade 1 paper pore than in Grade 4 paper pore (see Fig. 3.14(c)). Consequently,
the droplet exhibits significantly higher pressure near the throat in Grade 1 paper pore
compared to Grade 4 paper pore, as displayed in Fig. 3.14(d). The increased magnitude of

the detaching force, mainly due to the elevated axial surface tension force, facilitates rapid
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detachment of smaller oil droplets in Grade 1 pores. Consequently, as witnessed in Fig.

3.14(d), the size of collected oil droplets generated from Grade 1 paper strip is found to be

smaller in size.
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Figure 3.14. Plots depicting the distribution of the number of droplets collected and droplet
size in the petri plate and inset SEM images for: (a) Grade 1 paper channel with 10°
inclination and (b) Grade 4 paper channel with 10° inclination. (c¢) Dimensionless axial
surface tension contours for Grade 1 and Grade 4 pores, (d) Dimensionless pressure field
contours for Grade 1 and Grade 4 pores.

The isolation of micro-sized cells for biological research is performed using micro-
sized droplet (Joensson and Andersson Svahn 2012; Lagus and Edd 2013; Rakszewska et
al. 2014). Thus, the stability of micro-sized droplets is crucial. Hence, the size distribution
and stability of droplets significantly influences the usefulness and desirability of the
outcome of this endeavour. To ascertain that, we have compiled temporal change in the
number and size of generated droplets for two different cases as follows. Figures 3.15(a)
and (b) demonstrate the temporal fluctuation in average droplet size at three distinct time
points (t = 50, 100, and 150 s) for two inclinations (¢ = 0° and 10°) and two paper grades
(Grade 1 and Grade 4), respectively. It is noted that for the three different time intervals, t

=50, 100, and 150 s, the mean diameter of the droplets remains nearly unchanged for both
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cases of inclination and paper grades. The droplet size is crucial for targeted genomic
research utilizing micro-sized droplets. Consequently, the micro-sized droplet produced in
the current investigation using a cost-effective process may be beneficial for biological
applications, including cell analysis (Mastiani et al. 2019; Matuta et al. 2020; Zhang et al.

2024).
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Figure 3.15. (a) Temporal visualization of generated droplets with change in inclination,
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(b) temporal variation of generated droplet with change in paper type.
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3.4.8. Encapsulation of micro-sized species in generated droplets

The biological community is becoming more intrigued in studying micro-sized (~3-
5 um) (Nakai 2020) biological species, including bacteria, fungus, yeast, and algae, in
micro-sized droplets (Postek and Garstecki 2022; Ramos et al. 2020; Shih et al. 2014). The
micro sized droplets act as an confined environment and the porous substrate mimic their
natural habitats where microbes are capable of surviving in both organic and inorganic
porous media owing to their unique biophysical characteristics for active and passive
nutrient transport (Jin and Sengupta 2024)(Sengupta et al. 2022). Droplets serve as an
exciting platform for high-throughput screening, sample preparation in multiparameter
analysis of microbes and automation in medical diagnostics (Leung et al. 2012). Hence, we
have taken an effort to analyse the encapsulation of micro sized (~5 pm) particle
(Polystyrene micro particle, Sigma Aldrich). Mineral oil with 0.1 mg/ml polystyrene micro-
particles were taken in an eppendorf tube and vortexed the mixture for 10 minutes using
SPINIX™ Vortex Shaker. The mixture is subsequently sonicated to break down any
aggregates and form a uniform suspension. The mineral oil containing suspended
polystyrene micro particles has been introduced to the right arm of the Y- shaped paper
channel (c.f. Fig. 3.6). The intrinsic capillary pressure draws the mineral oil with suspended
polystyrene micro particles into the pores of the paper channel. Figure. 3.16 depicts the
generated droplets encapsulating the polystyrene micro particles; the left of the image
specifically showing a single oil droplet containing entrapped microparticles. The micro
particles encapsulated oil droplets serve as an experimental analog for the lipid droplets
that are essential for the biological species or microbes for the active and passive nutrient

uptake.
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Figure 3.16. The microscopic image of a single droplet shows the encapsulated micro
particle in the mineral oil droplets (left). The right-side microscopic image shows multiple
oil droplets with micro particles in the center of the oil droplets.
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3.4.9. Isolation and storage of droplets in 96 wells culture plate

We have used a 96 wells culture plate for the isolation and storage of droplets as
shown in Fig. 3.17. The mineral oil has been dyed using a 0.1 mg/ml solution of Nile red
as the oil is naturally colourless. Nile Red is a hydrophobic dye widely utilized for
identifying oil droplets and quantifying intracellular lipid levels across various biological
systems (Greenspan et al. 1985; Tan et al. 2005; Yan et al. 2013). This facilitated the
imaging further to examine the droplets. The droplets were collected and separated in four
wells of a 96-well culture plate and closely examined for 5 hours. The droplets retained
their spherical shape and exhibited no variation in size during the observation period as
shown in Fig. 3.17. This verifies that the droplets are stable and can be effectively separated

for further use.

Collected oil droplets in 96 wells culture

plate
s 2 AW ENIZ S
™~ \\\‘;-i \\///g ‘s); Ve
w Fd 55 B
= P i s -
= LI ¢ ca
2 SRS R T R
I
£ B F 2 =~ o
L fm
% \\‘z/l \.‘\\C/)//V‘g/’/ T
I
» )
= ZaN
= /4
en
I

Figure 3.17. Images depicting oil droplets stained with Nile Red, successfully separated in
a 96-well culture plate. The droplets retain their spherical form and exhibit prolonged
stability for 5 hrs, verifying their suitability for further use.

3.5, CONCLUSION
The current innovative method generates microscale droplets utilizing a "Y'-shaped
porous paper strip, eliminating the need for external devices. We utilized Grade 1 and

Grade 4 paper for the generation of micro-sized oil droplets due to the capillary forces
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induced by water wicking. The microscopic images were used to analyze these oil droplets.
The droplet size distribution was examined through changing the paper type and the
inclination angle of the paper strip. Compared to using only water as the flowing medium,
we found that the capillary pressure of the water—oil combination increases in the paper
strips at higher liquid saturation levels. In addition, the capillary pressure in Grade 1 paper
exceeds that in Grade 4 paper under these conditions. These micro-sized droplets are
produced within the pores and transported toward the outlet through two primary
mechanisms: merging and elongation of oil droplets facilitated by water wicking. The
gravitational force significantly reduces droplet size with notable homogeneity. Subsequent
observations indicate that an increased oil inlet width leads to a reduced droplet size of
approximately 357.5 um for a width of 5 mm. We identified three distinct regimes of
temporal droplet production depending on the pattern of saturation-dependent capillary
pressure. The size of droplet formation is significantly influenced by the type of paper, with
the smaller pore size of Grade 1 paper enabling the formation of smaller droplets. We
additionally developed a numerical framework to illustrate the local axial surface tension
forces and pressure fields within the pores of Grade 1 and Grade 4. Moreover, we
demonstrated the temporal stability of the droplet, which is pertinent for cellular research.
Finally, we showed that the polystyrene micro particles, which resemble biological entities,
are encapsulated in oil droplets. In summary, the findings of this study offer a cost-effective
approach for producing micro-sized droplets suitable for biological and chemical analyses
of micro/nano-sized targeted analytes. Nonetheless, the integration of analytes with the
collected droplets is considered a significant challenge in the current design, warranting

further investigation.
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CHAPTER 4

EXPERIMENTAL AND SATURATION-BASED NUMERICAL
INVESTIGATION INTO RHEOLOGY-DRIVEN  WICKING
DYNAMICS AND ANALYTE TRAPPING IN PAPER-BASED
LATERAL FLOW ASSAYS

This chapter explores the rheology-modulated imbibition and analyte entrapment in paper-
based porous media employing non-Newtonian fluids, namely NaCMC solutions and
human blood. The research investigates the influence of shear-rate-dependent viscosity,
saturation-dependent capillary pressure, and pore-scale fluid-substrate interactions on
wicking dynamics and flow heterogeneity. A saturation-dependent numerical model is
combined with an analytical framework based on effective viscosity to predict imbibition
behavior. Additionally, the mechanisms of analyte transport and trapping are carefully
examined through diffusion, interception, and inertial effects. Quantitative design criteria
for effective lateral flow tests handling non-Newtonian biofluids are presented, along with
the effects of fluid rheology and hematocrit level on entrapment probability and ideal test-

line placement.

4.1. OBJECTIVE

In lateral flow assays (LFAS), the efficacy of test-line design is primarily dependent on
regulated wicking behavior and analyte retention within the paper strip. Numerous
diagnostic fluids utilized in LFAs have non-Newtonian characteristics, which can markedly
affect capillary-driven transport and analyte retention. Blood exhibits shear-thinning
properties influenced by hematocrit levels (Mehri et al. 2018), saliva displays non-
Newtonian behavior due to dilute polymeric mucin chains, and polymeric solutions like
sodium carboxymethyl cellulose (NaCMC) manifest non-Newtonian rheology resulting
from long-chain molecular interactions. The rheological effects influence flow resistance,
local shear rates, and pore-scale interactions, thus altering wicking dynamics and residence
time inside the porous paper matrix. Therefore, comprehending rheology-modulated

imbibition is crucial for enhancing analyte transport and retention in LFAs.?

3 Content of this chapter is published in the journal of Physics of Fluids (AIP), Volume 38, Issue
1, Page 012105, January 2026, https://doi.org/10.1063/5.0305401
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Conventionally, the wicking process in paper-based porous medium is
characterized by the Lucas—Washburn equation or Darcy’s law; however, both models are
predominantly relevant at fully saturated circumstances. Given that capillary pressure is
significantly influenced by liquid saturation, the Richards equation offers a more suitable
framework for modeling partially saturated flow, with saturation-dependent capillary
pressure often characterized by Brooks—-Corey or van Genuchten correlations.
Experimental studies have shown that analyte concentration considerably affects
permeability and regulates analyte retention at particular axial positions, which is essential
for optimal antigen-antibody interaction at the test line. Although these effects have been
investigated for Newtonian fluids, their cumulative impact on non-Newtonian wicking and
analyte entrapment in paper strips has yet to be examined. This study addresses the gap by
examining rheology-modulated imbibition and analyte retention in paper-based fluidic
channels utilizing NaCMC solutions and human blood through experimental, theoretical,

and computational methodologies.

4.2. MATERIAL AND METHODS
4.2.1. Materials

For the wicking experiment, we consider Whatman™ gel blot paper (GB003), cut
into T-shape (cf. Fig. 4.1), as the paper substrate. The width of the paper strip is 0.8 mm.
As shown in Fig. 4.1, an acrylic well has been attached to the glass slide with a slot to hold
the T-shaped paper strip, placing its head inside the well. We consider aqueous solution of
Carboxymethylcellulose sodium salt (NaCMC; Himedia) and human blood sample as the
non-Newtonian fluid in the present study. We prepared NaCMC solutions by stirring the
NaCMC powder in DI water using a magnetic stirrer (Tarsons Digital SPINOT) at 200-600
rpm subjected to the concentration of the NaCMC solution. We have prepared solutions
(w/v) with 0.2 %, 0.25 %, 0.3 %, 0.35 %, 0.4 % and 0.45 % NaCMC salt concentrations
(cf. top right side of Fig. 4.1). Here, 1% w/v indicate 1 g NaCMC salt in 100 ml of DI
water. Blood samples were collected from voluntary participants and stored in vacutainer
tubes (K:EDTA) at room temperature until analysis. All procedures were carried out with
a prior approval from the Ethics Committee of Government Medical College (GMC),
Jammu (Approval No. IEC/GMCJ/2022/1144; dated November 3, 2022). Prior to every
experimental run, the samples were vigorously mixed to achieve a homogeneous
suspension. We have prepared blood solutions (38.23 % and 24.75 %) at different

hematocrit levels by mixing 0.9 % saline water in pure whole blood (48.5 %). To prevent
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the cell hemolysis, the osmotic strength of 0.9 % saline water is isotonic with whole blood
solution (2002). We used Schott LED light to illuminate the experimental set-up and Nikon
Z50 mirrorless camera for capturing videos. Moreover, all the experiments have been
repeated three times and the average of the readings have been taken for further

calculations.

NaCMC Solutions Blood sample
02%  03% 045% F
Experimental setup (Wiv) W) (W) :

Nikon Z50 Camera

Schott LED
Light  \ S ..
________ Acrylic well
......... Dispensing
NaCMC
solution into Glass slide

well

Gel Blot Paper
substrate

Figure 4.1. Schematic diagram of the experimental set-up depicting the wicking of non-
Newtonian NaCMC solution and human blood in a gel blot paper strip placed on a glass
slide with an acrylic well for filling the solution into it. Schott LED light is used to
illuminated the test set-up and Nikon Z50 mirrorless camera mounted on a tripod is used to
record videos of the wicking phenomenon. Three different concentrations of NaCMC
solutions- 0.2 % (w/v), 0.3 % (w/v) and 0.45 % (w/v), mixed with 0.05 % (w/v) food dye
and human blood samples of three different hematocrit levels are taken for the experiments.
Note that food dye is used for easy visualization of the liquid wicking in the paper strip.

4.2.2. Viscosity measurement of non-Newtonian liquid

We considered NaCMC solutions with concentrations 0.2 % (w/v), 0.3 % (w/v) and
0.45 % (w/v); and human blood (hematocrit level: 48.5 %, 38.23 % and 24.75 %) for
viscosity measurements using the Interfacial rheometer (Anton Paar, Model: MCR 301).
We have measured the viscosity for the low shear rate range (102 and 10 s), relevant to
the underlying flow through paper-based fluidic pathways. The experimentally measured
shear rate (y) versus viscosity (u) data set has been fitted using the Carreau model and
fitted as: p = p, + (U — o) (1 + (AP)2)D/2 Here, p,, po, n and 2 are the viscosity
at zero and infinite share rate; flow behavior index and Carreau model time constant; and
corresponding values of NaCMC solutions are presented in Table 4.1. and see Table 4.3.
for blood.
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4.2.3. Raman spectroscopy

The interaction between NaCMC solutions and the gel blot paper porous substrate
has been examined using a laser-based Raman spectra analysis. For Raman analysis, we
used the laser micro Raman system (HORIBA Jobin Vyon, Model LabRAM HR). The
prepared NaCMC solutions with concentrations of 0.2% (w/v), 0.3% (w/v) and gel blot
paper strips of dimensions 6 mm x 6 mm were taken for analysis. Initially, the dry gel blot
paper was subjected to Raman spectroscopy. Subsequently, the gel blot paper was wetted
with water, and subsequently with NaCMC solutions of 0.2% (w/v) and 0.3% (w/v)
concentrations. Prior to spectroscopic measurements of the prepared samples using laser
Raman equipment with 50x zooming lens, the gel blot paper substrate, wetted with NaCMC
solution, is kept for 20 minutes to ensure it is in the same conditions as during the wicking
experiments. The similar procedure has been included for the Raman spectral analysis of
the blood.

TABLE 4.1. The fitting parameters of the Carreau model obtained from the experiment for
low shear rate regime (107 to 10" s relevant for the paper-based flow.
0.2 % (w/v) 0.3 % (w/v) 0.45 % (w/v)

Uoo IN Pa-s 0.02319 0.241 0.6
Uo In Pa-s 0.6841 0.973 2.621
n 0.3627 0.32 0.3
Ains 68.91 65 64.8

4.3. MATHEMATICAL MODELING FOR EFFECTIVE VISCOSITY

The flow through the porous media is generally described by the Darcy-
Brinkman—model (Ginzburg et al. 2015; Hu et al. 2016; Lyubimova et al. 2016; Strong et
al. 2019). In this endeavor, we consider modified Darcy law for describing the imbibition
phenomenon of non-Newtonian liquid through porous paper pathways, as elaborated later.
It is noted that the modified Darcy law included assumptions such as a steady, laminar,
single-phase, isotropic porous media with shear rate approximated by Darcy velocity.
Furthermore, this model fails to account for inertia or pore-scale heterogeneity (Whitaker
1986). Also, the effective viscosity model treats the pore network model as equivalent
capillaries and use bulk rheology as effective viscosity (u.r¢). This ignores local shear-rate
variations, thixotropy, and multiphase effects (Sochi 2010b). For non-Newtonian fluid flow
in porous media utilizing modified Darcy's law, an empirical constant, known as the

effective viscosity ratio in this study, is required, as detailed in the upcoming paragraph.
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To this end, we start with the description of Newtonian liquid imbibition in porous media,
and corresponding momentum transport equation can be written as follows (Behera et al.
2023a; Gaikwad et al. 2017b):

Where, the permeability of porous media, porosity, intrinsically averaged pressure,
superficial velocity and liquid viscosity are represented by the symbols K, ¢, p, U and uy,
respectively. For complex fibrous porous media (paper) flow, K has been modelled using
simpler representative unit cell (RUC) (Das et al. 2018; Maré and Woudberg 2023;
Nabovati et al. 2009). Westhuizen and Plesssis (1996) implemented a mathematical model

using a RUC of a bed of unidirectional fibres and obtained the transverse permeability as:

rfn¢(1—,/1—¢)2

K = 24(1_¢)1.5

. Based on the Darcy’s law, Wada et al.(1985) first presented the

modified Darcy law for non-Newtonian liquid flow in porous media. The experimental
investigation by Comiti et al.(2000) suggests that the Darcy’s law even valid for the non-
Newtonian liquid up to the critical pore Reynolds number ~ 4.3. For the present case, the
order of pore scale Reynolds number is obtained as ~ 107 - 10 for a liquid imbibition
velocity in paper-strip ~10° m/s and viscosity ~ 10 - 1 Pa-s for NaCMC solution. In this
context, it is noted that Brandao et al.(2021) provided the Darcy—Carreau—Yasuda
rheological model for non-Newtonian fluid flow in porous media. They have defined
effective apparent viscosity using the effective consistency index. Moreover, the viscosity
of non-Newtonian liquid inside the complex pore is very difficult to estimate because of its
strong dependency on shear rate, which in turn, depends on the flow field. Jang et al.(2025)
demonstrated that the mobility factor of a non-Newtonian fluid in porous media, defined
as the ratio of permeability to effective viscosity, analogous to the Newtonian liquid, as the
ratio of permeability to constant viscosity. Motivated by this, we can write the modified
Darcy’s law for non-Newtonian liquid by introducing the effective viscosity as . in Eq.
(4.1). Hence, the momentum transport equation for non-Newtonian fluid, consistent with
the modified Darcy’s law, can be written below:(Jang et al. 2025; WADA et al. 1985)

Feff 42U _ Feff _
s ay? ~U+G6=0 (4.2)
Here, G = — dp/dx. During wicking, the fluid encounters significant macroscopic viscous

resistance relative to the equivalent porous free channel. This additional viscous resistance

can be represented as effective viscosity (Meff) as the fluid passes through the porous
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region. It is noted that Eq. (4.2) is important form of Darcy’s law for non-Newtonian liquid,

as the macroscopic axial velocity of wicking can be estimated from the experiments.

__________ AN 0 -
[ Paper strip
.
h
. Y No-stress jump
—) X h —)
No-slip

Figure 4.2. Schematic illustration of porous paper-strip and its projected cross-sectional
domain taken for the analytical solution. Also, the boundary condition taken at the bottom
and top part of the paper strip is mentioned.

We solve the ordinary differential equation (Eqg. 4.2), and the general solution is given by

the following expression:

Uly) = % CeVBY 4 Cre~VPY 4 %] (4.3

Where, B = ¢/K, and C;, C, are arbitrary integration constants. Now, we employ the

following boundary conditions to solve Eq. (4.3): at the bottom wall: U(y)[,-, = 0, and at

. du .
h wall (y = h): no str mp; — = — ~ 0. Her is th
the top wall (y = h): no stress jump; pess dy|y=h+ Heff g o 0. Here, A is the

thickness of the paper strip (cf. to Fig. 4.2) and is taken as 0.8 mm. Hence, one-dimensional

velocity profile can be obtained as:

U(y) = =2 4,eP¥ + Ape=VFY — 1] (4.4)
UerfB
_ e_\/Eh L, e\/ﬁh . % .
Where, A, = W’AZ = i and h is the thickness of the porous strip.

Accordingly, the average velocity of aqueous NaCMC solutions through the porous

medium can be expressed as:

Jluay Go -/ ,(;h)2
U — 20 = 45
WO flay  MersB L+m+(m)2 (45)

Now, using G = — dp/dx, we can get:

_(_dy_o [ (B
Ugpg = ( dx) e 1B L‘l'\/ﬁ}ﬁ(\/?h)zl (4.6)
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The pressure gradient, — dp/dx, can be expressed in finite representation as Ap/Ax. Here,
Ap is the difference between the pressure at the liquid-air interface (i.e., capillary pressure,
p.) and entry pressure; and Ax is the axial distance of the imbibed liquid length from the
strip entry. Also, one can write Ap = ps — p;; Dy = D¢ + Parm ANA p; = Paem, heNce, Ap =
pc- Therefore, from Eq. (4.6), we can write:
2
Vg = (%) 255 | @)

In Eq. (4.7), the capillary pressure, p. is estimated from the experiments and it is highly

dependent on the liquid saturation-dependent (Abbasi and Andersen 2022; Mehta et al.
2025; Rath et al. 2018c; Verma and Toley 2024). The relationship between normalized
liquid saturation and capillary pressure can be expressed as follows: using the Brooks and
Corey correlation (Mehta et al. 2025):

1
Pc = DenSe ™ (4.8)
Here, p.n, and 4, are the Brooks and Corey model parameters known as entry pressure

required to move the liquid phase by displacing the air inside the pores and pore
heterogeneity index, respectively. Further, the level of liquid saturation (S,) can be
approximately related to the wicking length that wetted the paper strip (x). For the 0.06 m
paper-strip length, the fractional level of liquid saturation can be approximated as
S, ~x/0.06. Hence, Eq. (4.8) and be approximately written as p, ~pen(x/0.06)~ /%,
Therefore, the corresponding expression for p,¢¢ can be written using Eq. (4.7) and given

as:
pen(%@_ﬁ ) (\/Eh)z (4 9)
x UavgB 1+\/Eh+(\/ﬁh)2 '

Uerf =

In this endeavor, we considered Eq. (4.9) to estimate the effective viscosity of porous
media, used for the analysis of non-Newtonian liquid imbibition, by estimating the wicking

length () and interface velocity (Ugy, ).

4.4. NUMERICAL MODELLING FOR SATURATION BASED POROUS MEDIA
FLOW

In porous media, for the i phase (wetting (w) and non-wetting (n)), the mass

conservation equation is expressed as:

o(¢ps,,

20s) 4 g (p, ) = 0 (4.10)
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kTSei

Where the volumetric flow per unit width is: u; = —( )kquPsei? moreover, for

saturation level, s ;; keq, Krse, useiand Ds,,are the equivalent permeability of the porous

medium, permeability ratio, dynamic viscosity and pressure field, respectively. In the case

of 100% saturation, the permeability ratio between the wetting and non-wetting phases is

2
1+E

2 _ _
written as: kys, = §(3+"b) and ks, =(1- Se)2 <1 - (1- Se)( )> respectively.

Here, S, is the normalized saturation level of the wetting phase. Furthermore, the following
Brook and Corey correlation is an expression for the relationship between capillary

pressure and normalized saturation (S,) (Hassler and Brunner 1945; van Genuchten 1980):

1

Pc = DenSe ™ (4.11)
Where, the Brook and Corey model parameters are p.,, and A,, termed as entry pressure
when the fluid enters the porous medium displacing the air in the pores and the degree of
heterogeneity, respectively.

The continuity equation can be written using the Darcy's law as described below

(Hassler and Brunner 1945; van Genuchten 1980):

9(¢p)
ot

+ V- (pi) =0 (4.12)

From Darcy's law, we have u = (kﬂﬂ) Vp. Also, the averaged density is expressed as p =

Pi

i Se; Pi» and dynamic viscosity is written as j = ﬁ. The density of wetting (NaCMC
iSe;

Ki
solution) and non-wetting (air) fluid is taken as 1000 kg/m? and 1.2 kg/m? respectively. The
viscosity of the non-wetting fluid is taken as 1.76 x 10~ Pa-s. Moreover, the viscosity of
the wetting fluid is taken as the effective viscosity of NaCMC solution in porous media
using the curve fitted data of Fig. 4.5(a).
To numerically solve transport equations [Egs. (4.10) and (4.11)] in a rectangular,
two-dimensional paper-strip computational domain with length as 6 cm and width as 0.8

cm, we employ the following set of boundary conditions as given here. At the inlet: n -
(Psei“i) = 0, p; = 0; At the top and bottom edges: n - (Psei“i) =0and n- (pu) = 0;
where, n is the normal from the wall surface. At the outlet: using Darcy’s equation,
ensuring capillary pressure equal to zero corresponding to fully saturated paper, we impose
p = —p[1(S.); here, TI(S,) is smoothed step function. This step function [(S,) is equal

to 1 when S, varies between 0 to 0.9, and smoothly (i.e., without losing differentiability)
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reaches [](S. )= 0 with change in S, from 0.9 to 1. Notably, this approximation is ought to
serve as a boundary condition for Eq. (4.12). Therefore, weak constraints have been used

to determine the precise flux at that border. Also, the Lagrangian multiplayer (LM, unit:

kg/ (m-s)) for the shape functions of pressure in Eq. (4.10) is used at the outlet to calculate

the accurate mass flux (kg/(m?-s)) therein. Hence, we have —n - (psel,ui) = % where,

h is the thickness of the paper and taken as 0.8 mm. When weak constraints are used, it is
observed that LM,, behaves as a new variable. Moreover, Verma and Toley (Verma and
Toley 2024) emphasized that, in certain situations, implementing a “no-flux” inlet
boundary condition may be physically incompatible. To resolve this, we have implemented
an initial pressure condition derived from the mean capillary pressure at the experimentally
determined saturation levels, which in accordance with the alternative methodology

proposed by Verma and Toley (Verma and Toley 2024).

4.5. RESULTS AND DISCUSSION

We systematically discuss, in this section, the liquid saturation-dependent model
parameters, the chemical analysis of paper in NaCMC liquid via Raman spectroscopy,
effective viscosity in porous media, wicking length, wicking velocity, diffusive Peclet
number, theoretical and actual trapping efficiency, trapping probability, and the estimation
of critical axial design for the test line by modifying the rheological properties of the base

liquid through variations in NaCMC solution concentration.

4.5.1. Saturation dependent capillary pressure of non-Newtonian liquid

In Fig. 4.3(a), we show the variation of capillary pressure obtained from the
centrifugal experiment as a function of the NaCMC concentration. It has been observed
that as NaCMC concentration increases, so does the magnitude of the capillary pressure. It
is attributable to the increased bulk viscosity of NaCMC solution at higher concentrations,
which causes strong centrifugal force to remove liquid from the pore to achieve desired
liquid saturation level in the paper strip. Furthermore, the Brooks-Corey model expresses
the capillary pressure of paper-based porous media in terms of the liquid entry pressure
(per) and the degree of heterogeneity of the porous media (4;). According to the Brooks-

Corey model, the capillary pressure is specified using the following relation as: p, =
-1

pen(ﬁ)g. Based on this model, we estimated the NaCMC concentration-dependent model
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parameters (pen, 4p), @ shown graphically in Figs. 4.3(b) and (c). The estimated data are
presented in Table 4.2. The corresponding values of Brooks and Corey parameter for blood
are presented in Table 4.3. We find that as NaCMC concentration increased,

correspondingly increased the value of p,,.

TABLE 4.2. Estimation of Brooks and Corey model parameters at different NaCMC
concentrations obtained from the saturation dependent capillary pressure curve.

Cnacmc in %

(WiV) Pen (P2) Ap
0.2 1.039 x 10*  0.2606
0.25 2.444 x 10*  0.2564
0.3 2.641 x 10*  0.2469
0.35 3.028 x 10*  0.2409
04 3.793 x 10*  0.2341
0.45 4,962 x 10*  0.2222

TABLE 4.3. Estimation of Brooks and Corey model parameters for blood at different

hematocrit levels.

Cnacmc in %

Pa A
(W/V) Pen ( ) b
1.60394 x
48.5 0.255768
10*

38.23 1.039 x 10*  0.2606
24.75 1.039 x 10*  0.2606

The viscous liquid at higher NaCMC concentrations requires a higher entry pressure
to displace air from the pore while entering the NaCMC solution. It is because of this
reason, we find that with increasing the concentration of NaCMC, the liquid entry pressure
(pen) increases. In addition, the value of A, decreases as the NaCMC concentration
increases in Fig. 4.3(b). It should be mentioned that 4, is the pore size distribution index,
which measures the degree of heterogeneity of porous media with wetted liquid. The
decrease in pore size distribution index shows a larger degree of heterogeneity in porous

media. The interaction of denser CMC-chains at higher concentrations is observed to give
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rise to increased flow heterogeneity at the pore level. Consequently, when the concentration

of NaCMC rises, the value of 4, decreases.
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Figure 4.3. (a) Variation of liquid normalized saturation (S_e) dependent capillary pressure
obtained from centrifugal experiments by varying the NaCMC concentration (Cyqcmc)-
The variation of (b) entry pressure (p.,,) and (c) degree of heterogeneity (4,) in the porous
gel blot paper strip with respect to various concentrations of NaCMC (Cyqcmc)is shown.
The experimental fit expression for entry pressure (p.,,) and degree of heterogeneity (4;)
is obtained as: pe, = ACi4cmc + BCyacue + C in Pa with R? =0.97and 24, =
DCZacmc + ECyacuc + F With R? = 0.99. Here, A = 780, B = 8672, C = —7147,D =
—0.001979, E = —0.002276 and F = 0.2733. Cygcmc i in % wiv (0.1 % wiv = 1
mg/mL).

4.5.2. Raman peak analysis
The cellulose chains are present in both NaCMC and gel blot paper. Cellulose has

great affinity towards hydroxyl ions of water (Chami Khazraji and Robert 2013a), and able
to form both the intramolecular and intermolecular hydrogen bond (Chami Khazraji and
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Robert 2013b). It is previously reported that the stable hydrogen bonds in cellulose lead to
the stable structure of it (Long et al. 2024; Wei et al. 2024). Hence, we have presented in
Fig. 4.4 the Raman intensity curve of hydroxyl group band (3390 cm™ to 3590 cm™) (Lota
et al. 2016; Srodek and Dulski 2025) for dry gel blot paper, wetted gel blot paper with DI
water and at different values of NaCMC concentration. We can see that an increase in
cellulose content with the increase in NaCMC concentration leads to the increment in the
corresponding peak value. Therefore, we can infer that the formation of greater number of
stronger hydrogen bond in cellulose is primarily because of the water at higher NaCMC
concentration. The greater number of stable hydrogen bonding leads to excess flow
resistance during wicking at the higher values of NaCMC concentration. This effect may
lead to greater extent of effective viscosity argumentation at higher values of NaCMC
concentration, as discussed in upcoming sub-section.

1500 T T T T
— Dry Gel blot paper
= = G@Gel blot paper with DI water
12504 — - — 0.2 % (w/v) NaCMC -
~ e 0.3 % (w/v) NacMcC | Hydroxyl bands
g (3390 cm™' t0 3590 em™)
~— 1000 + -
2
‘@ s .
S 750- : .
.; S . ‘/' \.\ .
K - ,.J\ .
o] . < . o -
£ 500 of / N
[a~] K ‘I v\
Qﬁ _' 2" " .\_'
250 " :'- ’ ‘\. '-' "
hooys ) \ "
—" .I -\_' AN ’ .\'_-., b
0 L] L] L] :
3350 3400 3450 3500 3550

Raman shift (cm™)

Figure 4.4. Raman shift intensity of hydroxyl band (3390 cm™ to 3590 cm™) for dry gel
blot paper, wetter gel blot paper with DI water and at different NaCMC concentrations.

4.5.3. Estimation of bulk effective viscosity of non-Newtonian liquid in paper-strip

We undertook an effort to analyze the temporal variation of effective viscosity (Meff)
of the NaCMC solution in gel blot paper utilizing Eq. (4.9), as depicted in Fig. 4.5(a). We
can see that the effective viscosity increases by the order of magnitude as the NaCMC

concentration increases. This is due to the increased number of stable hydrogen bonds
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resulting from a greater number of hydroxyl groups at higher NaCMC concentrations, as

illustrated in Fig. 4.4. The significant increase in flow resistance caused by the higher-

(a)

"= J-0.2% (w/v) NaCMC |
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Figure 4.5. Temporal variation of (a) effective viscosity in Pa-s and (b) viscosity ratio for
three different NaCMC aqueous solution concentrations- 0.2 % (w/v), 0.3 % (w/v) and 0.45
% (W/V).

-quantity of stable internal hydrogen bonds facilitates a proportional substantial rise in the
effective viscosity of porous media as NaCMC concentration increases. Furthermore, we

have assessed the effective viscosity ratio (u.,/u) with respect to the viscosity of NaCMC

solution measured by the rheometer through the temporal variation of (ueff/ll),
demonstrated in Fig. 4.5(b). Note that the viscosity ratio is defined as the ratio of effective
viscosity of the NaCMC solution to the rheometer viscosity. The rheometer viscosity ()
is determined following to the Carreau model, utilizing the experimentally measured values
provided in Table 4.1. The effective viscosity ratio is observed to be smaller than unity at
lower concentrations of NaCMC solution, as illustrated in Fig. 4.5(b). This phenomenon
can be ascribed to the reduced quantity of stable hydrogen bonds and the predominant
shear-thinning characteristics of the NaCMC solution within the pores of the gel blot paper.
This leads to a decrease in the effective viscosity of porous media relative to the rheometer
viscosity of NaCMC solution at lower concentrations. This inference aligns with Breugem's
results (Breugem 2007), which indicate that the pore configuration accounts for this
phenomenon. This study predicted lower effective viscosity in porous media relative to the
bulk solution when the porous structure is of the "channel™ type. In the present study, the
fibrous structure of the pore at lower NaCMC concentrations also provides a "channel” type

pore configuration in addition to a lesser number of stable hydrogen bonds. Consequently,
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the effective viscosity ratio is determined to be below unity at lower concentrations of
NaCMC. Furthermore, the greater amount of stable hydrogen bonding results in a higher

viscosity ratio (> 1) significantly exceeding unity at higher concentrations of NaCMC.

4.5.4. Wicking of non-Newtonian liquid
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Figure 4.6. Temporal variation of (a) wicking distance in m, (b) average velocity (Ug,g) in

m/s and (c) food dye particle Peclet number (Pe) for three different NaCMC aqueous
solution concentrations- 0.2 % (w/v), 0.3 % (w/v) and 0.45 % (w/v).

In Fig. 4.6(a), we show the temporal wicking length as a function of NaCMC
concentration. The wicking length has been demonstrated to decrease with an increase in
NaCMC concentration. The higher viscosity of the NaCMC solution at greater
concentrations allows it to substantially resist the driving capillary force in the paper strip.
As a result, we find a decrease in average wicking velocity (Ug,4) With increasing CMC
concentration, as shown in Fig. 4.6(b). Analyte transport in paper-strip is, therefore,
significantly impacted by the variations in NaCMC viscosity that occur with changes in its
concentration. The viscosity of the base fluid has a significant impact on the analyte's
diffusion coefficient. Note that we have considered food dye particles as analytes in this
analysis. As shown in Fig. 4.6(c), the variation in analyte diffusive Peclet number is
strongly controlled by NaCMC concentration. The diffusive Peclet number for food-dye
particle is expressed as Pe = Ug,,D,/D; where, D(= KzT/3nud,), Dy(= 10.37um),
Uavg and dp.(= 0.848um) are the diffusion coefficient, pore grain diameter, average
velocity in paper strip and particle diameter, respectively. The dominance of the declining
trend of the average flow velocity (cf. Fig. 4.6(b)) with an increase in NaCMC
concentration from 0.2 to 0.3% (w/v) lowers the diffusive Peclet number. On the other
hand, the dominance of the reduction in diffusion owing to the higher viscosity of the

background solution at higher concentration of NaCMC leads to an increase in diffusive
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Peclet number when concentration varies from 0.3 to 0.45% (w/v). We can therefore infer

that the background fluid rheology has a significant role to play on the analyte transport.

4.5.5. Comparison of numerical findings with experimental results

At time, t =625 s

Experimental |

0.2 % (w/v)

Numerical

Experimental

Numerical

: .
< Experimental |
>
(—]
Numerical
EE——— N
0 0.4 0.6 0.8 15.0]

Figure 4.7. Comparison of liquid saturation level contours obtained from experiments and
numerical simulations at time, t = 625 s for three different values of NaCMC aqueous
solution concentrations- 0.2 % (w/v), 0.3 % (w/v) and 0.45 % (w/v).

In Fig. 4.7, we depict and compare the wicking of aqueous solution of NaCMC
obtained from simulations and experiments at different concentrations at time t = 625 s.
The paper-based porous media flow is modelled using the saturation-dependent phase
transport model. We find a fairly accurate match of liquid saturation level between
numerical and experimental results, as demonstrated in Fig. 4.7, primarily attribute to the
use of effective viscosity of porous media in the numerical framework. Furthermore, at a
particular temporal instant, with increasing the concentration of NaCMC in the liquid
sample, the saturation level reduces as witnessed in Fig. 4.7. We attribute this observation

to a greater flow resistance rendered by an increase in effective viscosity (see Fig. 4.5(a)).

4.5.6. Analyte trapping analysis

There are three primary mechanisms, as discussed in the referred literature (Nelson
and Ginn 2005; Payen et al. 2012; Wang and Otani 2013; Wang et al. 2012b), are
responsible for trapping the analyte particles inside the porous media. Firstly, the diffusion

dominated trapping associated with the stochastic thermal motion of particles facilitates
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their entrapment on the pore surface. Trapping efficiency by diffusion, also called as the
Brownian trapping efficiency (ng), can be calculated following the relation given
below:(Nelson and Ginn 2005; Payen et al. 2012; Wang and Otani 2013; Wang et al.

2012b)
12
Ng = 4A3Pe 3 (413)
o 2(1-7%) _ (1 _ a4t e .
Here, A = A Y = (1 — ¢)3. The diffusive Peclet number for particle transport
is expressed as Pe = U‘“’ng”.

Interception trapping mechanism is the second to describe the particle trapping
which occurs primarily due to the size disparity between the particle and the porous fibre.
At the upstream of the pore, the interception mechanism creates a capture zone. The
expression for interception trapping efficiency is written as follows:(Nelson and Ginn
2005; Payen et al. 2012; Wang and Otani 2013; Wang et al. 2012b)

n; = 1.5AN3 (4.14)
Where, the ratio of particle diameter to the pore size is represented as NR(= dpt/dp).

Subsequently, inertial trapping efficiency (n;y), accounts for the trapping due to
the inertial impact. Typically, for the higher Stokes number (St), the particles close to the
pore wall deviate from the streamlines, maintaining their initial trajectory until they collide
with the pore wall. The mathematical expression for inertial trapping efficiency (n;y) can
be written as follows:(Nelson and Ginn 2005; Payen et al. 2012; Wang and Otani 2013;
Wang et al. 2012b)

_ St3
MN = S33077st21022

(4.15)

(Ppdpruavg)
(18udp)

where the Stokes number (St) is expressed as St =
With all of these well-reported trapping efficiency components considered, the
overall theoretical trapping efficiency (n,) can be expressed as follows:(Mehta et al. 2025)
No =Mp + 1Ny +1Nn. (4.16)
Moreover, by estimating the normalized concentration of food dye (Ci) (Cp = initial
o

concentration), the actual trapping efficiency can be written as follows:(Mehta et al. 2025)

~n(zy)
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Hence, the trapping probability (a) can be mathematically written as follows based on the

theoretical and actual trapping efficiency:(Mehta et al. 2025)

1
a = 4.18
o (4.18)

Pertaining to this analysis, as the order of Stokes number (~ 1072 to 10°) is very low (<<
1), it is seen that the order of inertial efficiency (~ 10 to ~10%) is also quite small.
Consequently, it has no significant effect on overall efficiency as witnessed in Fig. 4.8(a).
It is determined that the interception efficiency is 0.0554. Furthermore, the diffusion-based
trapping efficiency has been calculated to be in the order of ~103. As can be seen from Fig.
4.8(a), the overall efficiency is mainly reliant on the diffusion efficiency because the
interception efficiency is constant for the specified pore size and analyte particle size.
Therefore, we have presented the variation of diffusion trapping efficiency in Fig. 4.8(b).
As apparent from Eq. (4.13), the diffusion trapping efficiency is inversely related to the
diffusive Peclet number. Thus, the variation in diffusion trapping efficiency is inversely
related to the change in diffusive Peclet number (Fig. 4.6(c)) as time and NaCMC
concentration changes. Therefore, as time and NaCMC concentration changes, the overall
trapping efficiency follows the same pattern because of the dominating diffusion-based

trapping efficiency for the present study.
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Figure 4.8. Temporal variation of (a) overall efficiency (n,) and (b) diffusion efficiency
(ng) for three different NaCMC aqueous solution concentrations- 0.2 % (w/v), 0.3 % (w/v)
and 0.45 % (w/v).

Itisevidentin Eqgs. (4.17) and (4.18) that the trapping efficiency of analytes depends
on to their normalized concentration. We have illustrated the normalized analyte
concentration in a paper strip at t = 625 s in Fig. 4.9. We found that when axial length
increases, the normalized concentration decreases and it mainly due to the analyte trapping

in the downstream section of the paper pathway. Due to the reduced wicking length at larger
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NaCMC concentrations (cf. Fig. 4.6(a)), the normalized concentration reaches zero at early

axial section of the paper strip.
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Figure 4.9. Variation of normalized concentration (CE) in axial direction for three different
NaCMC aqueous solution concentrations- 0.2 % (w/v), 0.3 % (w/v) and 0.45 % (w/v).

We show the variation of actual trapping efficiency of food dye particle in Fig.
4.10(a), obtained for different concentrations of NaCMC. We find that the trapping
probability of food dye particle is remaining nearly unchanged with change in NaCMC
concentration at inlet side location (x — 0). This observation is mainly because of the nearly
equal normalized concentration profile for all NaCMC concentrations at smaller axial
location (x — 0), as witnessed from Fig. 4.9. Whereas, the greater difference in normalized
analyte concentration with change in NaCMC concentration (see Fig. 4.9) at greater axial

length leads to NaCMC-concentration dependent actual efficiency curve. As the actual

efficiency is directly related to — In (C£> a decrease in normalized concentration (< 1)
o

leads to an increase in actual trapping efficiency with an increase in NaCMC concentration
at larger axial length. Furthermore, as shown in Eq. (4.18), the trapping probability is
directly related to the actual trapping efficiency. Therefore, the variation in trapping
probability (refer to Fig. 4.10(b)) is identical to the change in actual trapping efficiency.
Consequently, we obtain a very high food dye trapping probability at higher NaCMC
concentrations at greater axial locations, as shown in Fig. 4.10(b).

4.5.7. Analysis of reaction zone axial length based on the critical Damkohler number
The axial position of the test line should be optimized depending on the effective

reaction rate of analytes in order to develop lateral flow assays (LFAS) with high precision.
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To delve deep into this part, we appeal to the Damkoéhler number (Da), which is a
dimensionless number and defined as the ratio of the characteristic reaction rate to the
convective transport rate. The mathematical expression for Damkdhler number is Da =
Cyky/ (Um,g/lt), Where Cy, k, , and [, are the analyte's molar concentration, forward
reaction constant, and characteristic length scale for reaction, with 2 mm as the thickness
of the reaction zone at the test line (Mehta et al. 2025). Moreover, the reaction rate constant
approaches the order of ~10° Ms with analyte molar concentration in the order of ~10®
t010° M (Nalumachu et al. 2023; Oh et al. 2014; Qian and Bau 2003). Therefore, the rate
of reaction rate order is obtained as ~1 to 10 s}, which is relevant to lateral flow assay.
Based on this analysis, we depict the contours of Damkohler number in the plane of the
previously described reaction rate to the wicking length in Fig. 4.11. The contours are
plotted by altering the concentration of NaCMC in the aqueous solution. The critical
Damkohler number (Da,) is set to 50 (>> 1) to ensure an effective reaction at the test line.
Figure 4.11 shows the locus of (Da,) together with the variation in reaction rate and
wicking length. The wicking length corresponding to the locus point of Da, determines the

appropriate location of the test line, offering an effective reaction.
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Figure 4.10. Variation of (a) actual efficiency (1) and (b) trapping probability («) in axial
direction for three different NaCMC aqueous solution concentrations- 0.2 % (w/v), 0.3 %
(w/v) and 0.45 % (w/v).

We observe that increasing the concentration of NaCMC results in a reduction in
the axial location of the appropriate test line. It corresponds to the decrease in averaged
flow velocity [see Fig. 4.6(b)] at higher NaCMC concentrations, which leads to reduced

convective flow strength in the paper strip. Consequently, the reduced convective strength
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of the analytes in paper-strip leads to shorter axial locations with higher Da for a given
reaction rate order. This discussion underlines that the design of an LFA test line is greatly

affected by the rheology of working fluid.
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Figure 4.11. Contours of Damkoéhler number in the plane of reaction of relevant analytes
used in LFA to the wicking length for (a) 0.2 % wi/v, (b) 0.3 % w/v and (c) 0.45 % w/v for
gel blotting paper.

4.5.8. Wicking of blood in paper strip

We have now used human blood as the working liquid in paper strip to examine the
wicking phenomenon. As seen from Fig. 4.12(a), we have taken three types of blood
solutions based on the haematocrit level. The hematocrit level of blood is estimated in
Grade 1 filter paper using the established protocol by Ram et al.(2023) We can observe
from Fig. 4.12(b) that the increase in hematocrit level leads to the reduction in wicking
length. It is because of enhanced RBC content at the greater haematocrit level. Note that
the higher haematocrit level leads to higher viscosity and restrict the wicking as well.
Hence, as seen from Fig. 4.12(c), the average wicking length reduces with increase in
haematocrit level. Moreover, the average wicking velocity of the blood solution is found to
be strongly dependent on the haematocrit level, as seen from Fig. 4.12(d). The reduced
viscosity at lower hematocrit level leads to higher average velocity for blood at the smaller
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time instants. Whereas, for the greater time instants, the dominancy of viscous resistance

leads to reduced average velocity for all types of blood solutions considered.
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Figure 4.12. (a) Haematocrit level estimation in Grade 1 filter paper based on the protocol
established by Ram et al.(Ram et al. 2023) (b) Wicking profile of blood at the different
haematocrit level at 310 s after sample loading. Variation of (c) wicking distance and (d)
average wicking velocity of the blood sample at different values of haematocrit level.

We have also estimated the effective viscosity of blood in gel blot paper by varying
the hematocrit level as seen from the Fig 4.13(a). To estimate this effective viscosity, the
value of p,,, and A,, for blood is presented in Table 4.3. We found that an increase in RBC
content with rising hematocrit level results in greater effective viscosity, attributed
primarily to the enhanced flow resistance caused by the interaction between the paper pores
and the blood cells. Interestingly, the effective viscosity for blood sample is found to follow
non-monotonic trend with increase in time interval during wicking phenomenon. We found
that the effective viscosity shows a decreasing trend at lower time instants with increasing
hematocrit level. This observation can be attributed to the dominancy of reduction in
capillary pressure because of the increase in blood saturation level (see Eq. 4.8). Whereas,
for the greater time instants, the decrease in saturation level is minuscule because of the
lower wicking velocity (see Fig. 4.12 (d)). Hence, it can be inferred following Eq. (4.9)
that, the effective viscosity of blood reduces with greater time instant because of the
dominating effect of the decrease in average wicking velocity of blood (see Fig. 4.12(d)).

Moreover, we have also presented the effective viscosity ratio (.ueff /,u) for blood in Fig.
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4.13(b) by varying the hematocrit level. The rheometer viscosity of blood (u), is estimated
experimentally and fitted with Carreau model. The Carreau model parameters, fitted for

blood at lower shear rate (relevant for paper-based flow), are presented in Table. 4.4.

TABLE 4.4. The fitting parameters of the Carreau model obtained from the experiment for
low shear rate regime (102 to 107 s) relevant for the flow of blood in paper-based

substrate.
48.50 % 38.23 % 24.75 %
Uy 1IN Pa-s 0.1 0.015 0.01
U, in Pa-s 38 0.8 0.3
n 0.15 0.17 0.2
Ains 34.52 30.09 30.15

We found that the viscosity ratio is found to be less than unity for the specific range
of temporal instants for given hematocrit level of blood (see Fig. 4.13 (b)). This observation
can be attributed to the shear-thinning nature of the blood, which allows reduction in
effective viscosity in pores under shearing action compared to the rheometer viscosity of
the blood. For lower time instants, the order of viscosity ratio is found to be much greater
than unity. It can be explained by the initial trapping of RBCs in pores under high capillary
pressure, which resists the blood imbibition. Also, at higher temporal instants, the increase
in effective viscosity (see Fig 4.3(a)) leads to effective viscosity greater than unity. Hence,
we can say that the effective viscosity of blood in paper pathways is highly dependent on
the hematocrit level as well as its degree of saturation which alters the capillary pressure.
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Figure 4.13. Variation of (a) effective viscosity and (b) viscosity ratio of the blood sample
at different values of haematocrit level using gel blot paper.
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Figure 4.14. Variation of Raman intensity curve for (a) C-H stretching bond, (b) O-H
stretching bond and (c) C-C stretching bond for blood sample at different values of
haematocrit level using gel blotting paper.

To see that chemistry of blood inside the paper strip, the corresponding Raman
intensity plot is depicted in Fig. 4.14. First, the Raman intensity related to C-H stretching
bond (~ 2900 cmY) is presented in Fig. 4.14(a) for the different haematocrit levels, obtained
using gel blotting paper. This peak can be related to the water in DNA solution (Uozumi
and Takahashi 2023) and polymeric group of paper strip (Morita et al. 2007). Generally,
red blood cells contain DNA (Liang et al. 2023), and the greater availability of water in
blood at lower haematocrit levels allows for more interaction between water molecules,
DNA, and cellulose, leading to a higher Raman intensity for the C-H stretching bond
(~3400 cm™). Further, the Raman intensity of OH stretching bond (Makarem et al. 2019)
is also evident for blood solution in paper strip as depicted in Fig. 4.14(b). This Raman
peak is mainly attributed to the interaction of cellulose with the water molecule. The

underlying interaction is responsible for producing the hydroxyl group and enhances the
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peak intensity with the decrease in haematocrit level. Moreover, the significant intensity of
C-C stretching bond (~1100 cm™) is also evident for the blood solution in paper strip, as
witnessed in Fig. 4.14. This C-C stretching bond is typically indication of lipid and glucose
in blood (Meier et al. 2006; Wang et al. 2010). At lower hematocrit levels, more water is
available in the sample, and this affects the C-C bond stretching because of the higher
number of hydrogen bonds in molecule, which enhances the Raman intensity of the C-C
stretching bond.
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Figure 4.15. Contours of Damkdohler number in the plane of reaction of relevant analytes
in blood sample used in LFA to the wicking length for (a) 24.75 %, (b) 38.23 % and (c)
48.5 % of haematocrit level using gel blotting paper.

To establish the design criteria for using blood in LFA systems, Fig. 4.15 (a—)
presents the contours of the Damkdhler number (Da) for different hematocrit levels,
mapped over the plane of reaction rate of relevant blood analytes and the axial position
along the paper strip. A critical Damkohler number (Da.) of 50 (>>1) is considered to
identify the optimized reaction zone, where the reaction rate significantly exceeds the flow
rate. The results show that increasing the hematocrit level from 24.75% to 48.5% moves

the reaction zone upstream where the Da reaches its critical value Da.. This behavior is
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primarily due to the decrease in average wicking velocity (see Fig. 4.12(d)), which
increases the species residence time and thereby promotes more efficient reaction. These
criteria are crucial for designing LFAs for diagnostic applications involving blood samples.
To this end, we have fitted the locus of Da for all hematocrit level to estimate the critical
axial length for test line design of LFA using power law fitted model as:

xc = YHGrb (4.19)
Here, X. (in mm), H_ (in percentage) and r (in s'1) are critical axial location, hematocrit

level and reaction rate respectively. Using the log-log OLS regression (Ordinary least
square regression), the values of coefficient (Y) and exponents (a, b) are obtained as Y =
1.3187 x 10*, a = —1.6466, b = —0.6829 within the 95 % confidence range. Hence, this
expression provides the information for estimation of optimal reaction zone location at any

hematocrit level of the blood.

4.6. CONCLUSIONS
In summary, the present study attempted to explore the coupled effects of fluid

rheology and analyte trapping on the wicking phenomenon of NaCMC solution in a gel
blot porous paper strip from the perspectives of experiments, theoretical analysis and
simulations. We considered aqueous solution of NaCMC as the non-Newtonian liquid in
this endeavor. Also, we have studied the wicking phenomenon of human blood in the gel
blot paper strip and outlined the relevant design guidelines for efficient LFA, largely used
in point of care diagnostics. In addition, we undertook an attempt to estimate the shear-rate
dependent bulk effective viscosity of the non-Newtonian liquids (NaCMC and human
blood) inside the complex porous media. We also developed a numerical modelling
framework to simulate the saturation-based flow of non-Newtonian fluid in porous paper
strips using Brooks and Corey parameters. In first part, we found that increasing the
NaCMC concentration results in higher liquid entry pressure and a lower pore size
distribution index. The lower pore size distribution index at higher NaCMC concentrations
suggests increased flow heterogeneity in the paper strip. On comparing the experimental
results to the simulated saturation-based flow field, estimated by using Brooks and Corey
parameters, we found that the liquid saturation level was precisely predicted. Furthermore,
the Raman analysis reveals that larger NaCMC concentrations result in a greater number
of stable hydrogen bonds owing to the increased intensity of the hydroxyl group, which in
turn, is able to trigger the effective viscosity in paper-strip. Consequently, the effective

viscosity has been observed to exhibit increasing trend with the increasing concentration of
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NaCMC. Interestingly, the effective viscosity ratio has been determined to be less than
unity at lower NaCMC concentrations at longer time instants. This is because the
underlying flow experienced less viscous owing to the predominant shear-thinning nature
and less hydroxyl groups at lower NaCMC concentration. The viscosity ratio, on the other
hand, increased by the order of magnitude when NaCMC concentration increased due to
the higher flow resistance caused by greater number of hydrogen bonding. The average
wicking velocity and wicking length, therefore, decreased with increasing the magnitude
of NaCMC concentration in the aqueous solution. To understand the analyte trapping
characteristics, we investigated the trapping efficiency and probability of a food dye
particle in a paper strip in a non-Newtonian background. We found that the overall trapping
efficiency is dominated by diffusion and interception processes, while inertial mechanism-
induced particle trapping is insignificant. Because the background liquid viscosity varies
with flow, the change in diffusion coefficient of dye particles does as well. This effect
resulted in a non-monotonic variation in diffusive Peclet number as NaCMC concentration
increased. Accordingly, both the diffusion and overall theoretical trapping efficiency were
seen to exhibit a non-monotonic trend with increasing the magnitude of NaCMC
concentration in the solution. Also, we observed that increased NaCMC concentrations at
lower axial locations in the paper strip increase both trapping efficiency and probability.
Consequently, it has been found that as the concentration of NaCMC increased, the critical
axial location of the test line for the effective reaction in the LFA design decreased.
Finally, we have found that wicking length and average wicking velocity of blood
reduce with increase in hematocrit level. In addition, the effective viscosity of blood in
paper strip enhances with hematocrit level. Whereas, the temporal variation of effective
viscosity is found to be non-monotonic. Due to the shear-thinning nature of the blood, the
viscosity ratio is found to be less than unity in the specific range of time interval for all
hematocrit levels considered in this study. The Raman analysis of blood in paper strip
witnesses the existence of O-H, C-H and C-C stretching bonds, which is strongly dependent
on the hematocrit level. Moreover, the optimum test line location for efficient species
reaction in blood has been calculated from the critical Damkohler number (>>1). We have
also developed the mathematical expression of critical axial location as a function of
hematocrit level and reaction rate, essentially to provide the design guidelines for LFA.
Overall, the inferences drawn from this study seem to provide adequate insight into the
perspective of coupled influences of fluid rheology and analyte trapping on the underlying

wicking phenomenon in paper pathways. We believe that the results of this endeavor are
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deemed pertinent for the successful design of LFA, largely used as low-cost diagnostic

tools for non-Newtonian liquid samples.
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CHAPTER 5

DEVELOPMENT AND VALIDATION OF A LOW-COST PAPER-
BASED MICROFLUIDIC PLATFORM FOR COLORIMETRIC
METHANOL DETECTION IN ALCOHOLIC BEVERAGES

This chapter explores the fabrication and experimental validation of a paper-based lateral
flow assay for the quick, economical detection and quantification of methanol in alcohol-
based beverages. The research integrates capillary-driven transport with colorimetric
chemical reactions by dry-storing chromotropic acid in the paper substrate. A
computational framework is established to simulate imbibition dynamics, species
movement, and reaction kinetics, facilitating the prediction of spatial and temporal colour
changes. A quantifiable colorimetric index for methanol concentrations pertinent to
toxicity limits is established using experimental results and normalized intensity of
chromogenic complex on paper. A portable, self-driven diagnostic platform and useful
design guidelines for field-deployable chemical sensing in resource-constrained

environments are provided by the suggested method.

5.1. OBJECTIVE

Alcohol consumption presents significant public health issues, with methanol exposure
constituting a particularly grave hazard due to its high toxicity (da Costa Sousa et al. 2024;
Roy et al. 2021). Ingestion, inhalation, or dermal absorption of methanol can result in
irreversible harm to the visual and neurological systems and may be death, with
documented fatal dosages in people. Methanol poisoning transpires when methanol is
processed by alcohol dehydrogenase in the liver. Due to its reduced cost relative to ethanol,
methanol is occasionally used illegally to adulterate alcoholic beverages, resulting in
multiple poisoning incidents documented in various countries, including India. Regulatory
bodies have indicated that methanol levels in illicit spirits surpass acceptable thresholds,
highlighting the critical necessity for swift detection.

Traditional methods for methanol detection, including gas chromatography,
spectroscopy, and sensor-based approaches, provide great sensitivity but necessitate costly
equipment, skilled operators, and laboratory facilities, so restricting their use for on-site

4 Content of this chapter is published in the journal of Physics of Fluids (AIP), Volume 36, Issue
12, Page 123619, December 2024, https://doi.org/10.1063/5.0245824
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screening. Recently, paper-based microfluidic devices have evolved as economical,
portable diagnostic platforms for chemical and biological investigation, utilizing capillary-
driven flow without external power sources. Although successful in identifying different
analytes, paper-based detection of methanol in alcoholic beverages remains unexamined.
Driven by this gap, the current project attempts to create a microfluidic methanol
detection system employing Grade 1 paper. The adaptation of the chromotropic acid
colorimetric assay to a paper-based format minimizes reagent usage, streamlines the testing
process, and facilitates rapid, economical, and on-site screening, all while preserving

sensitivity and specificity.

5.2THEORETICAL MODELLING
5.2.1. Theory of chemical analysis

The reaction of methanol with potassium permanganate (KMnO.) in the presence
of sulfuric acid (H2SO4) has been performed in a 1.5 ml centrifuge tube, as schematically
shown in Fig. 1. The underlying reaction results in the oxidation of methanol (CH3zOH) to
formaldehyde (HCHO). In this reaction, KMnOa acts as a powerful oxidizing agent, and
H>SO4 provides the necessary acidic environment for oxidation. Methanol is oxidized to
formaldehyde, while the KMnOs is reduced. This reaction is significant in organic
chemistry for demonstrating the oxidative capabilities of permanganate and for producing
formaldehyde from methanol under controlled conditions.(Ranny 1965) A brownish-purple
color is achieved by the reduced KMnO4 into manganese dioxide (MnO2).The summarized
balanced equation for this reaction is written as follows:
3CH;0H + 2KMnO, + H,SO, — 3HCHO + K,SO,4 + 2MnO, + 4H,0 (5.1)

In the next reaction, the excess KMnOs and the reduced MnO> from the previous
reaction i1s reacted with sodium bisulfite (NaHSOs) in the same centrifuge tube. The
KMnO4 and MnO: is reduced, and NaHSOs is oxidized. The reaction takes place in an
acidic environment, often with H.SO4 that was added in previous reaction. KMnQa, which
is a strong oxidizing agent and MnOy, is reduced to colorless Mn?* (forming MnSOs in the
presence of H>SO.), while NaHSOs;, acting as a reducing agent, is oxidized tO
NaHSO..(Saadat and Rafizadeh 2019) This step was done to prevent the interference of
purple color of permanganate and brown color of manganese dioxide in the experiments.
The balanced equation for this reaction is written as follows:
2KMnO, + 5 NaHSO; + 3H,S0, - K,SO, + 2MnSO, + 5NaHSO, + 3H,0 (5.2)
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2MnO0, + 3NaHS0; + 3H,50, — 2MnS0, + 3NaHSO0, + 3H,0 (5.3)

In the next reaction, previously formed formaldehyde is reacted with dry stored
chromotropic acid (1,8-dihydroxynaphthalene-3,6-disulfonic acid) in the presence of
concentrated H.SOs results in the formation of an intense violet complex (Fagnani 2003).
This reaction was performed on the paper microfluidic device as illustrated in the Fig. 5.1.

The aforementioned reaction equation is written as follows:

2 HCHO+ chromotropic acid+ H,SO,— violet complex (5.4)

[ 7 After 5 mins Y
Sample r\
(Containing Sol. B
Methanol)

SolA -

/

A== KMnO,+ H,S0, + H,0 | B==NaHS0, + H,0
== Sample + Sol. A |Y =4 Sol.B | CA == Chromotropic Acid

Figure 5.1. Schematic diagram of methanol detection on Grade 1 filter paper by wicking
sample Y which interacts with previously dry stored chromotropic acid and H2SO4. The
presence of methanol is detected by different intensity of color because of the presence of
chromogenic complex.

5.2.2. Theory of mathematical modelling
5.2.2.1. Numerical modelling of flow in paper-based lateral flow assay

The mass conservation equation in porous media for the i" phase, wetting (liquid,
solution Y) and non-wetting phase (air), is given as (Rath et al. 2018d; Rath and Panda
2019; Toley et al. 2018):

0($Pps,;
#0050 = ) +V- (pseiui) =0 (5.5)

) keq Vpsei;

moreover, for saturation level, s, ;; keq, krsei’ useiand Ps,are the equivalent permeability

kTSgi

Here, the volumetric flow per unit breadth can be written as: u; = —(

Sei
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of the porous medium, permeability ratio, dynamic viscosity and pressure field,

respectively. The mathematical expression of normalized liquid saturation level is defined

WWdry Here . Wary and wgg, are weight of the sample when it is dry and

Wsat—=Wdry

as Se =

when it is fully saturated, respectively.

The permeability ratio of the wetting (w) and non-wetting (n) phases in the event of

— (3 2 — — |1 2
100% saturation is given ask,s, = Se( +"P> and kg, = (1-25,)? <1 —(1- Se)( +”)>,
respectively. Additionally by applying the Brooks and Corey correlation, the correlation
between normalized saturation and capillary pressure is expressed as follows:(Behera et al.
2023c)

1
Pc(Se) = PenSe (5.6)
Where, Pen (= 3325 Pa) and A, (= 1/4.45), respectively, stand for Brooks and Corey model
parameters for water and Grade 1 paper (Behera et al. 2023c).

The continuity equation can be written in its combined form with Darcy's law as

follows:

TRV (W) =0 (5.7)

Here, Darcy's law provides us with & = kﬂﬂ Vp, averaged density is given as p = Y; se; p;,
and dynamic viscosity is written as ji = z 7

iSei#_i

We consider two-dimensional rectangular computational domain for paper-strip
having length and width of 5 cm and 4 mm, respectively, as illustrated in Fig. 5.2. We

employ the following set of boundary conditions to numerically solve the transport

equations [Egs. (5.5) and (5.7)] as follows: At the inlet: n - (Pseiui) =0, py = 0, For the

top and bottom ends: n - (Psei“i) =0 and n - (pu) = 0; where, n represents the normal
from the wall surface. At the outlet: For Darcy's equation, verifying capillary pressure
equals zero, corresponding to entirely saturated paper, we have taken p = —pcl_[(S_6); here,
T1(S.) indicates the smoothed step function. The value of step function, T](S,) is 1 when

S, varies from 0 to 0.9, and smoothly decreases at [](S, ) = 0 with increase in S, from 0.9
to 1. It is worth noting that this estimation acts as a boundary condition for Eq. (5.5). We

employ weak constraints to determine the exact flux at that border. Moreover, the
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Lagrangian multiplayer (LM,, unit: kg/(m-s)), the shape functions of pressure are

employed at the outflow to accurately determine the mass flux (kg/ (mz-s) ) therein for Eq.

LM,

(5.4). Therefore, the normal mass flux at the outlet is described as —n - (Psei“i) ==

We have assumed a wetting angle of zero degree due to the high hydrophilic nature of the
Grade 1 filter paper.(Patari et al. 2023) Here, # is the thickness of the paper i.e., 0.185 mm.

Moreover, LM, acts as a new variable.

Methanol Computational reaction zone
complex (Chromotropic acid + H,SO,)

v /

— Chromotropic H,SO,

4 mm acid _
Reaction zone

}L-T-ﬁj

Figure 5.2. The top part illustrates computational domain with methanol complex at the
inlet along with the computational reaction zone (right-side) with dry-stored chromotropic
acid and H2SO4 solution. The bottom part depicts of experimental Grade 1 paper strip along
with the dry-stored chromotropic acid and H2SO4 solution in the reaction zone.

5.2.2.2. Numerical modelling of reaction on paper strip
Below, we write the temporal convection-diffusion-reaction equation for species

transport in paper strip.

ac;
a—i_ -V [Di#Vci] +u- VCi = Ri (58)
Here, i = 1, 2, 3, indicating methanol complex, Chromotropic acid+H>SOs complex

(solution Y), and chromogen complex, respectively. The inlet concentration is taken as
methanol concentration (v/vx247.187) in mol/m?3, initial concentration of Chromotropic
acid+H2S04 complex Chromotropic acid+H2SO4 complex is presumed as same and equal
to 247.187 mol/m®. The reaction rate, R;, is evaluated in terms of normalized intensity of
dark purple colour and only normalized intensity of product is estimated in the numerical
simulation. We have considered that the dark purple intensity underscores the presence of
methanol in the sample. Additionally, the diffusion coefficient for all species is taken to be

10° m?/s. It should be noted that this value corresponds to an appropriate order of
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magnitude based on the molecular size in Angstroms, as determined by the Stokes-Einstein
relation (Gisladottir et al. 2009; Miller and Walker 1997).
5.3. EXPERIMENTAL METHODOLOGY
5.3.1. Materials, reagents and equipment details

For the experiments, we have taken Potassium permanganate (KMnQOa), dilute and
concentrated sulphuric acid (H2SOs4), and sodium bisulphite (NaHSOz) from Finar
Limited®. Chromotropic acid has been procured from SRL®, methanol (CH3OH) from
Merck® and Grade 1 filter paper from Whatman™. Abdos® centrifuge tubes (2 ml, 5 ml,
15 ml), Abdos® falcon tubes (15 ml, 50 ml), Tarson® micro pipettes and Abdos® pipette
tips have been used for the preparation of solutions. Distilled water is used as a solvent for
all the solutions considered in this study. The Interfacial Rheometer (Anton Paar, Model:
MCR 301) has been used to measure the viscosity of sample having varied methanol
concentrations. The rheometer quantifies dynamic viscosity by evaluating a fluid's
resistance to deformation when subjected to shear stress. The methanol sample is placed in
a stationary cup, while a rotating cone is immersed in the cup-and-cone arrangement. The
rotating cone exerts a controlled shear rate on the fluid. The device then quantifies the
resultant torque, which correlates to the fluid's flow resistance. The rheometer calculates
dynamic viscosity by assessing the torque and shear rate. We performed our viscosity
measurement experiment thrice for each concentration of methanol in the sample by
varying the shear rate in the rheometer and computed the average of the recorded
measurements.
5.3.2. Preparation of reagents

In order to prepare 0.1 M KMnOs solution, 0.079 grams of KMnO. has been
dissolved in 5 mL of water. A 0.5 M H>SOa solution has been prepared by adding 0.139
mL of 18 M H2SO4 in 5 mL of water. A 0.5 M sodium bisulfite (NaHSOs) solution has been
prepared by dissolving 0.26 grams of NaHSOs in 5 mL of water. Ultimately, a quantity of
1.766 grams of chromotropic acid is completely dissolved in 5 mL of water, resulting in

the formation of a solution with a concentration of 1 mole per litre.

5.3.3. Preparation of Whatman™ grade 1 paper strip and experimental conditions

A rectangular strip of Whatman™ Grade 1 filter paper with dimensions 40 mm
length and 4 mm width has been made by cutting it using a craft knife. The strip was
thereafter meticulously positioned and affixed to transparent cello tape, ensuring the

absence of any creases or air pockets. The surplus tape was cut off in order to ensure a neat
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boundary, which enhances the wicking process by adding additional reinforcement. The
capillary wicking experiments were conducted at ambient conditions, with temperature of
27 £ 2°C and a relative humidity of 84 + 2 %. These parameters were maintained to ensure
that the underlying wicking phenomenon is independent of environmental conditions.

5.3.4. Dry storing

A concentrated spot of chromotropic acid has been created on a 40 mm by 4 mm
rectangular strip of Whatman™ Grade 1 filter paper. A 1 M chromotropic acid solution has
been prepared and dropwise 4 puL was placed to a specific spot on the strip using a pipette.
Appealing to air drying operation after the first application, the process has been repeated
with a second drop on the same spot. The strip is briefly placed under a dryer, resulting in
a concentrated area of dry stored chromotropic acid. This similar dry-storing technique has
been used for nanoparticles in the microfluidic paper (Kumari et al. 2024). Aside from this,

no additional pre-treatment is performed on the paper strip.

5.3.5. Image processing and data analysis

Images of the paper-based device with coloured chromogenic complex were taken
with a Nikon Z 50 camera, and the area was illuminated with a Schott LED light. To
calculate the grey-scale intensity, we used 830 x 125 pixels of the paper strip. The gray
scale intensity of the chromogenic and white regions of paper in 60-frame-per-second
movie has been tracked using MATLAB® software. The processing of each second frame
has been carried out using ImageJ® (free source). Furthermore, the obtained color intensity
data has been normalized following the procedural steps as illustrated in Fig. 5.3.

The grayscale intensity of the white region (M) and the colored region (N) is
measured, then the ratio is calculated a = N/M for each time, t =i (0 <i <20 seconds).
Further, the value ‘a’ is calculated by dividing each by its corresponding value at t=0
seconds to get b = (a;/a;=o). The intermediate normalized intensity for any sample
concentration has been calculated as ¢ = (a; — a¢,_,,)/(ac,_, — a¢,_,,), Which ranges
from 1 to 0. The value ‘c’ is then subtracted from 1 to get d = 1—c. Further, the multiplying
factor has been determined as, e = (b; — bi=20)/(b30%%,_, — P30%;_,, )» Where bz, and
b30u,_,, are the normalized ratios for standard 30 % (v/v) methanol sample at 0 s and 20 s
after the contact of solution Y with dry stored chromotropic acid and H2SOg. Finally, the
final normalized intensity is calculated as f = e X d. This method provides a systematic

approach for accurate prediction of normalized colorimetric methanol intensity.
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Procedure to Compute
Normalized Intensity

Gray scale values of intensity were taken: White paper region
(M) and Coloured region (N)

N
Value of ﬂwas calculated as ‘a’.

c The values ‘a’ corresponding to each second (denoted by 1,
where 0 <1 < 20 s) was then divided by the value of ‘a’

corresponding to t = i, where t denotes time in second.

[a—J =b [let]
a’l:()

Calculate the normalized intensity (values ranging from 1 to ;

0) using the formulae as under:

da-a
L =6 [let]

i=20

a, -a,

tHJ rl*Z(]
G The calculated normalized intensity ‘c’ was then subtracted as
under:

l-c=d [let]
The multiplying factor was then calculated as ;

b,-b._
) 1 1=20 =g [let]

0%, 30%;o

Final normalized value for all concentrations done w.r.t. t=20
s of 30 % (v/v) methanol was calculated as:
f=exd

Figure 5.3. Flow chart outlining each step in calculating the normalized color intensity of
the methanol sample with respect to 30 % (v/v) methanol color intensity at t = 20 s after
contact on "Grade 1" paper. Varying the type of paper used may influence the resultant
color intensity due to the pore size and paper type of the porous material.

5.4. RESULTS AND DISCUSSION

This study involves the development of a mathematical model, subsequently
validated through our experimental results, for analyzing the imbibition dynamics through
a paper-based lateral flow assay, designed for rapid detection of methanol in alcoholic
beverages in a cost-effective manner. The normalized intensity of the chromogenic
complex is determined by reacting it with dry stored chromotropic acid and H2SOa. This

reaction is carried out by wicking the Y solution (as shown in Fig. 5.1) with methanol. In
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addition, we have developed a numerical framework to calculate the wicking dynamics of
solution Y on Grade 1 paper. Furthermore, we determined the reaction dynamics by
calculating the normalized reaction rate of the chromogenic complex. We conducted
experiments by varying the additional methanol percentage between 5 % (v/v) and 30 %
(v/v) in the targeted sample. This allowed us to develop a colorimetric index, which we
then used to test and verify the accuracy of branded alcohol and local alcohol samples with

variable levels of methanol.

5.4.1. Wicking of solution Y
Due to the strong correlation between liquid wicking and viscosity, our initial

analysis focuses on determining the dynamic viscosity of wicking solution Y. Figure 5.4
illustrates the relationship between the change in methanol concentration and the variation
of dynamic viscosity in solution Y. It has been observed that the viscosity of the solution
Y increases as the concentration of methanol increases. The higher activation energy of
methanol compared to water enables more external energy to be used to commence the
flow by breaking intermolecular attachment (Macedo and Litovitz 1965; Shah et al. 2016).
Therefore, an increase in methanol concentration leads to an increase in dynamic viscosity
due to the increase in activation energy of the molecules. The fitted expression is obtained
as follows in relation to the methanol percentage (v/v), denoted by V:
1 =1.453x107 xVV?+9.193x10° x V+0.0011 Pa-s (5.9)

We have observed that the viscosity of concentrated H2SOs is significantly higher
(about 38 times more (Rhodes and Barbour 1923)) than that of solution Y. As a result, the
wicking of H2SO4 through capillary action is not considered in the numerical simulations
and is assumed to remain constant throughout the reaction area.

We demonstrate, in Fig. 5.5, the wicking of Y solution for 5 % (v/v) and 30 % (v/v)

methanol content by depicting the liquid saturation level (g) of solution Y. As witnessed

in Fig. 5.4, we find that wicking of lower concentration solution is faster as compared to
30 % (v/v) solution because of lower viscosity of 5 % (v/v) methanol solution.

Using the numerical results, we take an effort to calculate the wicking velocity. This
allows us to provide with the information on the convective strength of species transport.
Due to the inverse relationship between convective strength of species transport and species
residence time, higher convective strength is not suitable for an efficient reaction in the
designated region(s). Hence, the reaction line/region should be positioned in the location
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where the species residence duration would be greater. As a result, we have identified a

suitable place for dry storage of chromotropic acid with high species residence time.

-3
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15 different concentrations of methanol /f
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Figure 5.4. Variation of dynamic viscosity of solution Y with change in methanol
concentration.
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Figure 5.5. The depiction of normalized liquid saturation level of solution Y at 30 s for 5
% (v/v) and 30 % (v/v) implementing the two-phase (liquid of solution Y and air). The
normalized saturation level of liquid (solution Y) is defined as the ratio of volume fraction

of liquid (solution Y) present in porous medium to the total pore volume of that porous
medium.

-This phenomenon can be represented by the diffusive Peclet number (Pe = u‘“’Tj’d”; here
Ugyg, dp and D are average velocity, pore diameter and diffusion coefficient of species).
Pertaining to the species transport phenomena, the diffusive Peclet number plays an
important role as it underlines the relative contribution of convective strength to diffusion
mechanism on the underlying transport inside the structured environment of the paper strip.
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The species (chromotropic acid) remains dry stored in the reaction zone and it should get
adequate time to complete the reaction effectively. When the diffusive Peclet number is
less than one, diffusion-dominant transport takes over, extending the interaction period
between the species and the methanol sample. So, we need to choose lower Peclet number,
preferably less than unity. Higher Peclet number signifies that the species will be
transported along with the flow at a relatively faster rate, which in turn, may result in
insufficient reaction. Accounting for this, we have considered low Peclet number (less than
unity) in the present analysis.

10

40 45 50 55 60

Figure 5.6. Variation of temporal diffusive Peclet number of 5 % (v/v) methanol solution
during wicking of solution Y on paper strip.

Accordingly, the temporal variation of diffusive Peclet number of species with the
diffusion coefficient order 10° m?s™, is presented in Fig. 5.6. Between 40 and 45 seconds,
the species transport mechanism transitions from convection to diffusion, shown by a
change in the Peclet number from larger than one to less than one. Within the specified
time intervals, the position is situated at a distance ranging from 3 to 4 cm from the
sample/species loading point. Thus, we can conclude that the residence time is adequately
enough in that specific area to ensure efficient completion of the underlying reaction.
Accordingly, we considered that specific area for the storage of chromotropic acid in a dry
state, as well as for the loading of a highly viscous and concentrated (98%) solution of
H2SOa.

5.4.2. Determination of rate of reaction
We depict, in Fig. 5.7, the normalized intensity of chromogenic complex with

change in time for different methanol percentages (v/v). Note that we calculate the
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normalized intensity of chromogenic complex using the procedure outlined in Fig. 5.3.
Normalization is performed based on the grayscale intensity acquired from a 30% (v/v)
solution at t = 20 seconds after the solution Y comes into contact with chromotropic acid
and sulphuric acid. To determine the normalized intensity of the chromogenic complex
through numerical simulations, we have calculated the reaction rate in terms of normalized
intensity per unit time. Consequently, we plot all the experimental curves obtained for
solutions with concentrations of 5 % (v/v), 15% (v/v), and 30% (v/v) in Fig. 5.7. After
calculating the slope of the fitted curves, shown in Fig. 5.7, we derive the following

expressions for the reaction rate:

R, = ((2x0.0007 xt) +0.0237) normalized intensity of chromogen/s for 5 % (v/v)  (5.10)
R, =((2x0.0003xt) +0.0369) normalized intensity of chromogen /s for 15 % (v/v) (5.11)

R, = (-(2x0.0016xt) +0.857) normalized intensity of chromogen/s for 30 %(v/v) (5.12)

—
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Figure 5.7. Normalized concentration of chromogen at different methanol percentage in %
(V).
5.4.3. Numerical prediction of reaction on Grade 1 paper

We numerically calculate and present colorimetric change obtained from the
experiment for 30 % (v/v) methanol content at the end of 20 s after the solution Y comes
into contact with chromotropic acid and sulphuric acid on a paper strip. It is worth to
mention in this context here that paper-based lateral flow assays, which can be fabricated in
various simpler shapes, enable inexpensive detection technique providing with a rapid and
sensitive visual colorimetric response (de Oliveira et al. 2017; Dungchai et al. 2011; Gong
and Sinton 2017; Pradela-Filho et al. 2023; Xia et al. 2016). The paper-based lateral flow

assay developed in this endeavour facilitates a quick visible reaction with intensified colour

108
TH-4048_196103022



within 20 s after contact. This eliminates the requirement for any additional instrument to
detect the concentration of methanol in the samples. The reaction region on the considered
paper strip has sufficient species residence time owing to the low Peclet number, attributed
primarily to low convective strength of species transport (See Fig. 5.6). The simplicity and
efficiency of the system contribute to its overall efficacy. The normalized concentration of
the chromogenic complex has been determined through numerical simulations presented in
Fig. 5.8, based on the previously stated estimated reaction rate described in Fig. 5.7. The
simulated results produce an enhanced colour corresponding to the normalized intensity of
the chromogenic complex at the reaction zone, which aligns with the experimental
prediction as well. Hence, the current numerical model has the ability to accurately replicate
the chemical kinetics involved with the detection of methanol in alcoholic beverages on a

paper strip.

Experiment

Simulation | 4 mm I
Normalized intensity of chromogen complex on paper

[V e
0 0.2 0.4 0.6 0.8 1
30 % methanol (v/v)

Figure 5.8. Comparison of experimental and simulation result at the end of 20 seconds
after contact of solution Y with dry stored chromotropic acid and H2SOs.

For more information readers are referred to Figs. 5.9-5.11, which compare the color
intensity of the chromogenic complex acquired from the experiments to the normalized
intensity derived from the simulations at different time steps for 5 % (v/v), 15 % (v/v), and
30 % (v/v) methanol content. The temporal experimental and numerical contours at various
methanol concentrations (v/v), as depicted in Figs. 5.9-5.11, exhibit a strong resemblance
to one another. Therefore, the current numerical model has the credibility of predicting the
changes over time in the normalized intensity of the chromogenic complex as a result of
changes in methanol concentration. From the experiment, it has been observed that the

intensity reaches a saturation point 20 seconds after the solution Y, chromotropic acid, and
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H2SO4 comes into contact. Thus, we have specifically chosen a time interval of 20 s after

contact to calculate the colorimetric indexing in relation to the methanol content.

Methanol concentration 5 % (v/v)
t=5s t=10s t=15s t=20s

. !
|

Chromogen
experimental

(Experiment) color intensity

E z F—2mm

ER- 0.000 0.114 0.225 0.539 0.654
E 7}

S 5
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Figure 5.9. Comparison of normalized intensity of chromogenic complex on paper for
5 % (v/v) methanol solution. The starting time is denoted as the moment of initial contact
between solution Y, H.SO. and chromotropic acid, serving as the reference of time for all
measurements.

Methanol concentration 15 % (v/v)
t=1s t=S5s t=10s t=15s t=20s

Chromogen
experimental

normalized (Experiment) color intensity

_'«'3 = —12'mm
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Figure 5.10. Comparison of normalized intensity of chromogenic complex on paper for 15
% (v/v) methanol solution. The starting time is denoted as the moment of initial contact
between solution Y, H>SO4 and chromotropic acid, serving as the reference time for all
measurements.
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Methanol concentration 30 % (v/v)
t=1s t=35s t=10s t=15's t=20s
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Figure 5.11. Comparison of normalized intensity of chromogenic complex on paper for 30
% (v/v) methanol solution. The starting time is denoted as the moment of initial contact
between solution Y, H.SO4 and chromotropic acid, serving as the reference time for all
measurements.

5.4.4. Development of colorimetric scale for methanol detection on paper strip

We have made an attempt to develop a colorimetric index using the normalized
intensity of a chromogenic complex, as shown in Fig. 5.12(a). The color indexing has been
categorized into labels 0 to XII, based on the concentration of methanol. The corresponding
ranges can be found in Table 5.1 as well. In addition, we show the intensity of the
chromogenic complex in relation to the concentration of methanol in Fig. 5.12(b)
essentially to provide a clear grasp of the relationship between methanol concentration and
color indexing. Using this color indexing method, we verify the concentration of methanol
in both locally produced alcohol and branded vodka, as elaborated in the subsequent
section.

Following the development of colorimetric indexing (see Fig. 5.12) for methanol
detection, we examine the colorimetric response for local alcohol and branded vodka
(lemon flavoured) for methanol detection. In order to verify the validity of the developed
colorimetric scale, we considered pure samples of each component and added 5 % (v/v),
10 % (v/v), and 20 % (v/v) additional methanol for these tests. The colorimetric response
for local alcohol is presented in Fig. 5.13(A). It can be observed that the pure form produces
amild colorimetric change (see Fig. 5.13A(i)), which has less intensity than the developed

colorimetric scale (see Fig. 5.12). Therefore, this sample can be considered safe as the
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colour intensity is far below the critical limit. As observed in Figs. 5.13A (i to iv), addition

of further methanol percentage (by volume) permits colour indexing to lie in the range of
O-1, 1I-1V, and VII-VIII for 5 % (v/v), 10 % (v/v), and 20 % (v/v), respectively. The
obtained indexing indicates that the pure form of local alcohol has a very low methanol

level, approximately less than ~2% (v/v). Paine (2001) states that the critical limit for

methanol concentration is 8 % (v/v), considering safety issues as well as metabolic

clearance of methanol for healthy human body. The methanol level in local alcohol appears

to be less than ~2% (based on the colour indexing) when comparing Figs. 5.13 A (i to iv).
Thereby, it is within the safety threshold defined by Paine (2001).
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Figure 5.12. (a) Normalized intensity of chromogenic complex from experimental data
with colour indexing, (b) methanol concentration with change in intensity of chromogenic
complex from experimental data.

TABLE 5.1. Indexing range corresponding to the methanol percentage in the sample.

Serial. Range of color Methanol percentage
number indexing (V/v)
1 Otol 5106.09 %
2 [ to Il 6.09 t0 8.27 %
3 I1to I 8.27 10 10.45 %
4 Il to IV 10.4510 12.63 %
5 IVtoV 12.63t0 14.81%
6 Vto VI 14.81t0 17.00 %
7 Vito VI 17.00t0 19.17 %
8 VIl to VI 19.17 t0 21.88 %
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9 Vil to IX 21.88 to 24.06 %

10 IXto X 24.06 t0 26.24 %
11 X to XI 26.24 10 28.42 %
12 Xl to XlIlI 28.42-30 %

Local alcohol

Pure form of 5 % (v/v) additional 10 % (v/v) additional 20 % (v/v) additional
procured local alcohol methanol methanol methanol
3 (i) (i) (iii) (iv)
S 2 outof 0-1 11 -1v VII - VIII
T £ Indexing (5106.09 %) (1045 t0 12.63 %) (19.17 to 21.88 %)
e Branded Vodka
B

Purc form of procured 5 % (v/v) additional 10 % (v/v) additional 20 % (v/v) additional

branded alcohol methanol methanol methanol
e ® (i) (iii) (iv)
23 Outof 0-1I I -1V VIII - IX
£ Z  Indexing (510 6.09 %)  (10.45t0 12.63 %) (19.17 to 21.88 %)
Figure 5.13. A (i, ii, iii and iv): Images illustrate the colorimetric testing of a locally made
alcoholic beverage sample in pure form, 5 % (v/v), 10 % (v/v), and 20 % (v/v) additional
methanol. Similarly, images in B (i, ii, iii and iv) denotes the testing of samples of a pure

branded vodka, 5 % (v/v), 10 % (v/v), and 20 % (v/v) additional methanol.

Further, we have presented the colorimetric change of branded vodka in pure
conditions (Fig. 5.13. B(i)) as well as additional methanol mixing of 5 % (v/v), 10 % (v/v),
and 20 % (v/v) (Figs. 5.13. B(ii to iv)). As shown in Fig. 5.13B(i), pure branded vodka
exhibits a pale colour whose intensity is less than the lower limit of the developed
colorimetric index (refer to Fig. 5.12). As per literature and “Food Safety and Standards
Authority of India” (FSSAI) (Safety and Act 2021), the accepted maximum limit for
flavoured vodka has been set to be 0.2 % (v/v) (Wisniewska et al. 2015). Accordingly,
adding the extra methanol content in branded vodka allows not much extra deviation in
colour indexing over the colour indexing of additional methanol percentage (v/v) (see Figs.
5.13B (iii to iv)). Therefore, the methanol concentration in pure form of branded vodka

seems to be very less (approximately less than ~ 1 or 2 % (v/v) according to colour indexing
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developed in Fig. 5.12) by observing the index level in extra added methanol. Thus, this
comparison validates the accuracy of our colorimetric scale for detecting critical limit of
methanol on a paper test strip.

In Table 5.2, we have emphasized the advantages of the present colorimetric paper-
based microfluidic methanol detector compared to the traditional approaches such as gas
chromatography (GC), metal-oxide gas sensor, dielectric sensor with TiO2 nanotube,
nitrogen-doped carbon-dots with fluorescence visualisation, and others (Bindra and Hazra
2020; Charapitsa et al. 2021; Latha et al. 2020; Soares et al. 2019; van den Broek et al.
2021, 2024; Zamani et al. 2019). The present technique is deemed cost-effective, user-
friendly, and does not require sophisticated equipment for detecting methanol in alcoholic
beverages. Moreover, the sample loading in the paper-based device is self-sufficiently
propelled by virtue of capillary action. Thus, the current method as proposed in this
endeavour is well-suited for detecting methanol beverage in remote regions where access

to advanced instrumentation is limited.

TABLE 5.2. Details of previous conventional methods for methanol detection and
advantage of the present paper-based device.

Sl Reference Technique details Remark
number
The approach is not portable or easy
1 Zamani et al. Gas chromatography (GC) to use. Limitations exist in the
(2019) and a modified CA kit comparison made between the
results of GC and the kit.
Van den Broek Micromachined metal-oxide This senso_r is co_stly dye to thg
’ et al. gas sensérthousedinside a complex mu_:rochlp design and is
(2019)(Soares Teflon chamber using pump not self-driven because of the
et al. 2019) ' pump.
Dielectric sensor with TiO, The whole arrangement is costly
3 Bindra and nanotube. Signal-processing because of the nanotube
Hazra (2020) circuit detects the methanol manufacturing and due to the
contamination levels. electrical circuit.
Van den Broek A handheld breath d.etector The fully integrated electronic
4 using a chemoresistive Pd- L
et al. (2021) . circuit makes the detector costly.
doped SnO; microsensor
Charapitsa et The.use of bulky and costly GC
5 al. (2021) Gas chromatography (GC) equipment makes the approach
complex.
Nitrogen-doped oxidized  The fluorescent based detection
5 Latha et al. carbon dots (NOCDs) are used  requires sophisticated instruments
(2020) as on-off nanoprobes which makes it costly and lab-
(fluorescent) for detection of based.
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methanol traces in water and
alcoholic beverages.
A handheld methanol detector

van den Broek  SPAK M-20 (Alivion AG,  The handheld device is highly

et al. (2024) SWltzerIar'1d? with a costly for use In.|OW income
chemoresistive gas sensor to countries.
quantify methanol.
e Self-driven: sample is
loaded by capillary flow
e Low-cost due to the use of
grade 1 paper
Microfluidic paper-based self- e No sophisticated device
driven device with dry stored need because of the
8 Present study LT . . .
chromotropic acid with colorimetric indexing.
colorimetric indexing. e Relatively small in size and

easy to handle.

e Skilled personnel is not
required for the use of the
device

5.4.5. Selectivity of methanol detection in ethanol rich sample
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Figure 5.14. Comparison of grey scale intensity on paper strip at different times for
solution (with methanol) having with and without ethanol content.

We have taken an effort to verify the methanol detection selectiveness on paper strip
with solution having ethanol content as well. This situation is practical as the alcoholic
beverages contain both ethanol and methanol (Bindra and Hazra 2020; Charapitsa et al.
2021; Latha et al. 2020; Soares et al. 2019; van den Broek et al. 2021, 2024; Zamani et al.
2019). Fig. 5.14 illustrates the grayscale intensity of the detected colour on the paper strip
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having cases with and without ethanol content in the solution with methanol. It is observed
that the grayscale intensity is nearly same for both the cases. It implies that the chromogenic
complex is selective to detect methanol only in paper strip. The similar phenomenon has
been observed by Ranny.(Ranny 1965) Hence, we can say that the developed paper-based
LFA, targeted for colorimetric detection of methanol in alcoholic beverages, is selective to

detect the methanol in alcoholic beverages which contains large amount of ethanol.

5.5. CONCLUSION

A low-cost paper-based detection method has been demonstrated for assessing
methanol content in alcoholic beverages. The Whatman™ Grade 1 paper was selected as
the test substrate due to its delayed resistance to the corrosive properties of HzSOa.
Colorimetric analysis was conducted on samples spiked with methanol at 6 different
concentrations (5 % (v/v), 10 % (v/v), 15 % (v/v), 20 % (v/v), 25 % (v/v), and 30 % (V/v)).
The reagents were dry-stored on the test paper strip, with the storage location determined
using numerical simulation. The diffusive Peclet number was found to be around unity in
the vicinity of the reaction zone, which was favourable during the experiment because of
the sufficiently larger residence time available. According to the literature, the lethal critical
limit for methanol in alcoholic beverages, is approximately 8 % (v/v). The present test strip
is capable of accurately measuring methanol concentrations ranging from 5 % (v/v) to a
toxic threshold of 30 % (v/v). A colour indexing chart was developed for general use,
allowing individuals to correlate the colour on the test strip with methanol concentration.
The colours generated at various methanol concentrations on the test strip were analyzed
using ImageJ® software, and the grayscale intensities were calculated. The intensities were
subsequently standardized in relation to the sample containing a methanol concentration of
30 % (v/v). Transient numerical simulations were conducted for methanol concentrations
of 5 % (v/v), 15 % (v/v), and 30 % (v/v) to provide further insights. In addition, the
methanol concentration of both a branded and a locally made alcoholic beverage were

examined, validating the accuracy of the established colorimetric index.
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CHAPTER 6

CONCLUSIONS AND SCOPE OF FUTURE WORK

This chapter discusses the significant results derived from the research objectives explored
in this dissertation, along with prospective directions for future research.

6.1 SUMMARY AND OUTLOOK

This dissertation conducts a thorough examination of capillary-driven transport
mechanisms in paper-based porous media, focusing on solute concentration, immiscible
interfacial effects, non-Newtonian rheology, and reaction-transport coupling in lateral flow
assay (LFA) platforms. This study enhances the fundamental comprehension of wicking,
permeability modulation, pore-scale multiphase dynamics, and analyte transport in
cellulose-based substrates pertinent to economical diagnostic and sensing applications
through a systematic integration of experiments, analytical modeling, and numerical
simulations.
A summary of the research problems this dissertation addresses is as follows:
e Experimental, analytical, and numerical investigation of concentration-dependent
solute imbibition and permeability variation in paper-based porous media.
e Experimental and pore-scale numerical investigation of immiscible interfacial
transport and droplet generation in paper microfluidic structures.
e Investigation of rheology-modulated imbibition and analyte transport/trapping in
paper substrates using non-Newtonian fluids.
e Development and validation of a paper-based lateral flow assay for colorimetric

detection and quantification of methanol in alcoholic beverages.

In Chapter 2, experiments, analytical modelling, and numerical simulations were used
to examine the concentration-dependent capillary imbibition of aqueous dye solutions in
gel blot paper. A Brinkman-extended Darcy model was formulated to analytically
characterize wicking dynamics. Experiments with four dye concentrations (0.2%, 0.5%,
1%, and 2% (w/v)) exhibited concentration-dependent wicking behavior, which was used
to calculate fitting parameters and effective permeability. The findings indicate that
increased dye concentrations diminish wicking length during the initial time intervals but

gradually augment it in the subsequent phase, characterized by notable front-angle shifts
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and asymmetric front progression at intermediate times. The analytical analysis facilitated
the identification of the concentration-dependent permeability constant. Two separate
regimes of permeability fluctuation with solute concentration were discovered, resulting
from the competing interactions of particle-induced flow resistance and pore blockage-
induced capillary pressure augmentation. Capillary pressure and permeability parameters,
dependent on saturation, were experimentally obtained and fitted using the Brooks-Corey
model which is integrated into Richards’ equation for numerical simulations. The
experimental and numerical results exhibited excellent agreement, suggesting the potential
to develop paper-based microfluidics devices with species concentration-dependent flow

with greater efficacy.

Chapter 3 introduces a cost-efficient technique for producing microscale droplets via
a Y-shaped porous paper strip, therefore removing the necessity for external actuation.
Experimental data indicated droplet splitting via pore-scale mechanisms, including
elongation, snap-off, and merging, regulated by local saturation-dependent capillary
pressure fluctuations. Grade 1 and Grade 4 papers have been used, wherein water wicking
generates capillary forces which break down the oil phase into micro-sized droplets, which
were studied using microscopy. The distribution of droplet sizes has been evaluated by
varying the type of paper and the angle of the strip. In comparison to water alone, the water-
oil system demonstrated increased capillary pressure at higher saturation levels, with Grade
1 paper consistently exhibiting larger pressure than Grade 4 owing to its finer pore
structure. Droplet movement happened via merging and elongation mechanisms, while
gravity decreased droplet size and enhanced homogeneity. Increasing the oil inlet reduced
droplet size to approximately 357.5 um at a width of 5 mm. Numerical phase-field
simulations captured the droplet dynamics and were found to be consistent with Roof snap-
off criteria. The numerical model accurately represented axial surface tension forces and
pressure fields, while studies validated droplet stability and the effective encapsulation of
polystyrene microparticles. This method offers a cost-effective means of generating micro-
droplets for biological and chemical uses.

Chapter 4 investigates the combined effects of non-Newtonian fluid rheology and
analyte entrapment on capillary-driven transport on gel blot paper through experimental,
theoretical, and numerical methodologies. Aqueous NaCMC solutions and human blood
have been taken as typical non-Newtonian fluids for the lateral flow test applications.
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Richards' equation was employed with Brooks-Corey parameters in saturation-based flow
modeling, and the predicted saturation fields closely aligned to the experimental data.
Increasing the NaCMC concentration augmented the liquid entry pressure and decreased
the pore size distribution index, signifying enhanced flow heterogeneity and suppressed
wicking velocity. Raman spectroscopic analysis indicated that increasing the NaCMC
concentrations enhance hydrogen bonding, resulting in enhanced bulk effective viscosity
inside the paper matrix. Interestingly, the effective viscosity ratio has been determined to
be less than unity at lower NaCMC concentrations at longer time instants. This is because
the underlying flow experienced less viscous owing to the predominant shear-thinning
nature and less hydroxyl groups at lower NaCMC concentration. Investigation on analyte
entrapment revealed that diffusion and interception processes predominantly govern
overall trapping efficiency, while inertial effects are insignificant. The diffusive Peclet
number and overall trapping efficiency demonstrated a non-monotonic relationship with
NaCMC concentrations, resulting in a reduction of the ideal test-line position as
concentration increased. In blood, an increase in hematocrit diminished wicking velocity
and augmented effective viscosity, whereas the ideal reaction site was identified using a

criterion based on the critical Damkohler number.

In Chapter 5, a low-cost paper-based technique was developed for the colorimetric
detection of methanol in alcohol-based beverages. Whatman™ Grade 1 paper was chosen
as the substrate because of its delayed resistance to the corrosive properties of sulfuric acid.
Colorimetric testing was conducted on samples with methanol concentrations of 5%, 10%,
15%, 20%, 25%, and 30% (v/v). Chemical reagents were dry stored on the paper strip, and
an optimal placement area has been determined by numerical simulations. The diffusive
Peclet number in the reaction zone was approximately one, signifying adequate residence
time for efficient reaction. The test strip exhibited precise detection of methanol
concentrations from 5% (v/v) to a dangerous threshold of 30% (v/v), including the
documented lethal limit of about 8% (v/v). A colorimetric indexing chart was created to
associate visual colour intensity with methanol concentration. Grayscale intensities were
assessed utilizing ImageJ® and standardized against the 30% (v/v) methanol sample.
Transient numerical simulations were performed at specific methanol concentrations to
corroborate experimental findings. The established colorimetric index was subsequently
validated by an evaluation of both branded and locally manufactured alcoholic beverages,

affirming the accuracy of the demonstrated paper-based detection method.
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Overall, this dissertation establishes an integrated understanding of how solute
concentration, multiphase effects, fluid rheology, and reaction-transport coupling govern
capillary-driven flow in paper-based porous media. The findings provide physically
grounded design guidelines for optimizing paper microfluidic devices, particularly lateral
flow assays, through controlled manipulation of permeability, saturation, viscosity, and
residence time. By bridging pore-scale physics with device-level performance, this work
contributes toward the rational design of next-generation paper-based diagnostic and
sensing platforms.

6.2 SCOPE OF FUTURE WORK

While the present dissertation offers substantial insights into capillary-driven
transport and reaction phenomena in paper-based porous media, several directions remain
open for future investigation.

The natural next step of this research is to examine capillary-driven transport and
diffusion of other biological fluids, including saliva, blood serum, and urine, within paper
substrates, and to analyze their implications for biomarker detection. Investigating the
impact of fluid-specific physicochemical parameters on diffusion, residence duration, and
reaction efficiency could enhance the design and efficacy of paper-based diagnostic
systems.

A further potential development of this research is to investigate droplet generation
utilizing modified paper substrates to facilitate more controlled and reproducible droplet
generation. By altering paper substrate properties like as pore structure, surface chemistry,
or geometric design, enhanced droplet homogeneity and increased droplet generation rates
may be attainable only through passive capillary mechanisms, eliminating the necessity for
external actuation. Such research could further enhance paper-based systems for regulated
multiphase microfluidic applications.

Another promising direction involves extending the present analyses to multistep
reaction networks and multiplexed assays, where multiple reagents and reaction zones
interact within the same paper device. Coupled modeling of sequential transport and
reaction processes could aid in the rational design of complex paper-based diagnostic
platforms.

Additionally, integrating the developed modeling frameworks with real-time
image-based or smartphone-based readout systems could improve quantitative

interpretation and field deployability of paper-based assays.
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Together, these future directions can build upon the foundation established in this
dissertation and advance the development of robust, predictive, and application-ready

paper-based microfluidic systems.
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