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Chapter 1

Microfluidic Paper-Based Analytical Devices

Abstract

In this chapter, we briefly present a review on different microfluidic paper based analytical
devices (LPADs). We discuss the underlying basic theory controlling the working of these

devices. Moreover, different designs of uPADs along with their fabrication methods and

potential applications are also discussed.



1.1 Introduction

The use of advanced technologies and materials in packaging to provide additional
functionality beyond traditional containment and protection is referred to as intelligent
packaging, also known as smart packaging. It includes features that interact with the
product, the environment, or the users, allowing for improved safety, quality monitoring,
information sharing, and user engagement. The packaging industry has become a
significant and rapidly expanding commercial sector globally, primarily driven by the
substantial demand for packaging materials in the food and other industries. The market
value of intelligent packaging was approximately 13.6 billion USD at the end of 2023, and
it is increasing at a CAGR (compound annual growth rate) of 6.5%. Based on the "Fortune
Business Insights" Research Report, the worldwide food packaging industry was valued at
approximately $400 billion in 2018. It is projected to grow at a compound annual growth
rate of 5.6% and is expected to reach approximately $600 billion by 2026 [1]-[3].

In simple terms, when we talk about shelf life, it means how long food can stay safe and
good to eat. People usually rely on the expiration dates mentioned on food packages to
decide if the food is still alright to consume. These dates are just estimates based on specific
temperature conditions. But here's the catch: temperature can vary a lot during the
transportation and storage of food, and it greatly affects how long the food stays fresh. So,
temperature plays a crucial role in determining the actual shelf life of food from the time it
is made until it reaches your plate [4]. The expiration dates printed on food packages may
not accurately indicate the quality and safety of the food for consumers. So, to solve these
issues Flexible Time Temperature Indicators (FTTI’s) are used and their demand is
increasing day by day after new chronic epidemic. A time-temperature indicator is a device
or label that provides information about the temperature history of a product over time. It
helps to monitor and track the conditions to which a product has been exposed, specifically
regarding temperature. It is a simple tool that changes color or shows visual cues to indicate
if the product has been subjected to temperatures that might affect its quality or safety.
Time-temperature indicators are helpful in ensuring that perishable goods, such as food or
pharmaceuticals, have been stored and transported under suitable temperature conditions,

thus providing a better indication of their freshness and safety for consumers [5].



Time Temperature Indicators (TTIs) can be divided into two types: partial history
indicators and full history indicators, based on how they work. Partial history indicators
only show a response when a certain temperature limit is surpassed, whereas full history
indicators respond regardless of any temperature threshold being crossed [6]. Time-
Temperature Indicators can be grouped into four main categories based on how they work.
These categories include biological, chemical, enzymatic, and physical TTIs [7]. An
effective Time-Temperature Indicator (TTI) should exhibit a continuous, measurable, and
irreversible change in response to temperature. This change should accurately reflect the
degree of food quality deterioration and remaining shelf life. Consistency is key, as the TTI
should consistently respond in the same manner when exposed to identical temperature
conditions. Additionally, it should be cost-effective and versatile enough to accommodate
various temperature ranges, with response periods ranging from days to over a year.
Practicality matters too, with a small size that allows for easy integration into food
packaging and compatibility with high-speed packaging processes. Long shelf life before
activation and simple activation procedures are desirable features. The TTI should remain
unaffected by factors like light, humidity, and air pollutants, while also enduring normal
handling without altering its response. Safety is paramount, making non-toxicity essential.
Clear communication is important, ensuring that the TTI effectively conveys its intended
message to stakeholders in a straightforward manner. Lastly, visual understandability and

adaptability for electronic measurement facilitate easier information storage and utilization
[8].

Capillary penetration in porous materials is a concept that finds its use in various industries
like textiles, ceramics, printing, and pharmaceuticals. Lately, there has been a rise in the
development of diagnostic tests and rapid methods that make use of porous materials and
the principles of capillary penetration [7]. Porous materials are used to make microfluidic
paper-based analytical devices. A paper-based microfluidic device, in scientific terms,
refers to a miniaturized system that utilizes paper as the primary substrate for controlling
the flow of fluids at a small scale. It involves the fabrication of channels, typically made
of cellulose-based paper, which enable the manipulation and transport of liquids and
analytes in a controlled manner. These devices leverage the capillary action of paper to

facilitate fluid movement without the need for external pumps or power sources. The paper



acts as a platform for performing various analytical and diagnostic tests, offering
advantages such as low cost, simplicity, portability, and ease of use [9], [10]. Microfluidic
paper-based analytical devices (WPADs) have diverse applications in healthcare,
environmental monitoring, food safety, and bioanalytical research. In healthcare, pPADs
enable rapid and low-cost diagnostics for infectious diseases. In environmental monitoring,
they detect heavy metals and pollutants in water sources. For food safety, uPADs detect
contaminants in food samples, ensuring supply chain safety. In bioanalytical research,
uPADs enable DNA analysis, protein detection, and enzyme assays with miniaturization
and high-throughput capabilities. These devices offer simplicity, affordability, portability,
and ease of use, making them valuable tools for point-of-care diagnostics and resource-

limited settings [10], [11].
1.2 Background

Paper-based microfluidic analytical devices (WPADs) are portable and low-cost devices
that combine microfluidic principles with paper substrates to perform a variety of analytical
tests. Microfluidic paper-based analytical devices (WPADs) have gotten a lot of attention
in analytical chemistry because of their advantages over traditional methods, such as low
cost of production, flexibility, operational simplicity, trivialize, compatibility with
biomolecules, high speed, point-of-care detection, and low reagent consumption [11], [12].
uPADs offer a different platform for liquid transport via capillary forces, eliminating the
need for external pumps [13]. Additionally, multiplexed analysis can be performed simply
by adding channels.

The working principle of a pPADs is capillary action, in which fluids flow through the
paper due to the material's wicking properties. Typically, a small volume of the liquid
sample is introduced at the designated inlet area. Capillary action then spreads the sample
along the hydrophilic channels, coming into contact with reagents or sensing elements
confined on the paper [12], [14].

1.3 A Brief History of Microfluidic Paper-Based Analytical Devices

For many centuries, paper has been employed in chemical measurements, dating back to

the use of litmus paper to determine pH levels [15]. The initial bioactive paper for glucose



analysis in urine was developed by Comer [16]. Paper was employed for chromatography
purposes for a considerable duration [17]. In the realm of molecular detection, a significant
advancement occurred with the introduction of lateral flow assays (LFAs) during the
1970s. Lateral flow assays (LFAs) commonly capture labeled antibodies and employ visual
observation of a colored band to qualitatively detect signature molecule. Lateral flow
assays (LFAs) have found applications in various domains such as medicine, food science,
environmental monitoring, and biodefense and their applications are increasing day by day
[18]. The field of paper-based microfluidics gained significant attention after the
publication of the first uPAD by the Whitesides group, which utilized photolithography as
the method for creating patterns [11]. Microfluidic paper-based analytical devices (LPADS)
distinguish themselves from LFAs and litmus paper by employing chemical printing and
cutting techniques to create flow channels, enabling the performance of multiplexed
analysis with minimal sample volumes. Various fabrication techniques, including
photolithography [19], plasma treatment [20], wax printing [21], plotting [22], wax dipping
[23], inkjet printing [24], flexographic printing [25], laser treatment [26], and stamping
[27], have been shown to be effective in producing microfluidic paper-based analytical
devices (WPADs). All fabrication techniques are used today for producing microfluidic

paper-based analytical devices (LWPADs) but all have their own pros and cons.
1.4 Fabrication

The fabrication of microfluidic devices involves selecting a suitable porous membrane that
meets specific criteria, including thickness, pore distribution, price, and absorption rate.
The choice of membrane substrate is crucial, and the properties of the paper should be
carefully evaluated for optimal device construction. To create hydrophobic barriers, the
hydrophilic membrane is patterned, enabling controlled flow of samples through isolated
regions. Different techniques, such as photolithography [28], printing [24], cutting [29],
and chemical vapor deposition [30], have been employed to define these hydrophobic
barriers. In this chapter we discuss only cutting technique that is used in the fabrication of

microfluidic paper-based analytical devices (UPADs).



1.5 Cutting

Fabricating channels out of paper through paper cutting is considered one of the simplest
and oldest techniques. In the process of fabricating microfluidic paper-based analytical
devices (UPADs), the paper substrate is intricately patterned into a network of
interconnected channels and zones. This is achieved through the utilization of precise and
programmable tools such as a knife cutter (vinyl plotter) or a laser cutter (CO2 laser).
Alternatively, though less refined, manual cutting methods involving scissors or a knife
can also be employed to generate rudimentary devices. To confer structural stability to the
paper-based devices, it is common practice to employ tape or glass slides as protective
encasements. The cutting technique presents notable advantages, as it circumvents the need
for chemical treatments and can be executed using rudimentary tools like scissors or razor
blades. However, due to the nature of channel excision, the resulting devices exhibit
increased handling challenges, necessitating the utilization of a sturdy support structure to
ensure mechanical integrity and stability of the channels [31]-[34].

In a recent scientific investigation, researchers outlined a parafilm-based cutting technique.
This approach involves the initial fusion of paper and parafilm through the application of
heat and pressure using a hot press. As a result, two distinct types of fused structures are
formed: laminated paper (referred to as I-paper) and infused paper (known as i-paper). The
fusion process can be either partial or complete, determining the extent to which the two

layers are combined [35].

laser
I-paper /!; patterned |-paper
re5 ablation
r W laminated form
paper

6& & .' 2. 4;’{ ‘i 1
S5 paper .
2 i-paper \ patterned i-paper
Parafilm® \%\ ‘!

cut & bond

mfused form

Figure 1.1: Patterning paper using Para film [58]



1.6 Applications of Microfluidic Paper-Based Analytical Devices

UPADs have found usage in a variety of applications due to their inherent
advantages of speed, low cost, ease of use, and disposability. Much of the early
research focused on medical applications and global health, but a variety of
other fields emerged, including food safety, environmental monitoring, and
forensics [36]. Microfluidic Paper-based analytical devices (uPADs) have
gained significant attention in the field of medicine and healthcare. Pregnancy
tests are widely recognized as one of the prominent applications of pPADs. A
novel paper-based analytical device was developed by Noiphung et al. [37] for
the determination of blood type. In emergency situations or resource-limited
settings, paper-based blood typing assays have been developed as valuable tools
for determining an individual's blood type (A, B, AB, or O) utilizing minimal
blood samples [38]. Due to its potential impacts on human, plant, and animal
well-being, environmental pollution has become a growing concern that
necessitates comprehensive monitoring efforts. pPPADs offer an alternative
analytical technique to traditional methods that are inexpensive, effective, and
suitable for in-field analysis of environmental pollutants [39]. The safety of food
and water can be compromised by various factors, such as the introduction of
pathogens, pesticides, herbicides, metals, and other toxic substances, which are
typically associated with agricultural and industrial activities. Additionally, the
utilization of food additives for purposes such as preservation, coloring, and
sweetening can also influence the safety of food and water [40].
Microfluidic  paper-based analytical devices (uPADs) designed for pathogen
detection in food have predominantly relied on enzymatic assay-based optical
techniques. These methods involve the visualization of results through visual
confirmation by human observation or digital conversion of images, followed by
measurement using image analysis software. These devices are also used for
detecting additives, heavy metals and contaminants in water and food [41].
Microfluidic paper-based analytical devices (uPADs) are also employed to

check the time and temperature history of food and perishable products.



1.7 Darcy’s law

Henri Darcy [42], a French engineer, developed a mathematical relationship
known as Darcy's law in 1856. It controls the flow of groundwater through
granular media and the movement of other fluids through porous materials, such
as petroleum through rocks. Darcy’s law has been derived from Navier-Stokes
equation [43] via homogenization method [44]. Morris Muskat [45], an
American petroleum engineer made a significant contribution by refining
Darcy's equation, originally proposed by Henry Darcy, to specifically address
single-phase flow characteristics. Muskat's refinements ensured its applicability
to the unique challenges encountered in petroleum engineering. Building upon
the experimental findings of his colleagues, Muskat collaborated with Milan W.
Meres to further extend the scope of Darcy's law. Their work resulted in a
generalization of the law, encompassing the intricate multiphase flow
phenomena involving water, oil, and gas within the porous medium of
petroleum reservoirs.

Darcy's law is a fundamental principle in fluid dynamics that describes the flow
of fluids through porous media. Darcy's law states that, “the flow rate (q) of a
fluid through a porous medium is directly proportional to the pressure gradient
(Ap) across the porous media and inversely proportional to length (L) of media
and the fluid's dynamic viscosity (Q).

Mathematically, it can be expressed as:

_ K(Ap)
q= (1.1)
Where:
g= Flow rate of fluid in porous media
k= Permeability of porous media

Ap= Pressure gradient across the ends

p= Dynamic viscosity of fluid



L= Length of porous material

This can be illustrated with the figure given below:

S — M J

LA

Porous Media

Figure 1.2: Darcy’s law notations

Darcy's law assumes that the fluid flow is steady, laminar, and incompressible. It
is applicable to both single-phase and multiphase flows, although modifications

and extensions may be required for multiphase scenarios.

Darcy's law provides a foundational framework for analyzing and predicting
fluid flow in various natural and engineered systems, such as groundwater flow
in aquifers, oil and gas reservoirs, and geotechnical engineering applications

involving soil permeability.
1.8 Permeability of Fluid

The ability of a fluid (such as a gas or a liquid) to pass through a porous material
or medium is referred to as permeability. It's a property that describes how easily

a fluid can move through a substance or medium [46].

Permeability in porous materials is determined by the structure and properties of
the material itself. Porous materials have interconnected void spaces, or pores,

that allow fluids to flow through them. The permeability of a material is affected



by the size, shape, and distribution of its pores [47]. Permeability is generally
higher in materials with larger and more interconnected pores. Permeability is
the proportionality constant represented by K in Darcy's Law.

_ anL
K =1 (1.2)

Several factors control the permeability of a fluid through a porous medium.
These factors include:

e Pore Size and Distribution: The size, shape, and distribution of pores
within  the medium all influence permeability. Larger and more
interconnected pores facilitate fluid flow, resulting in higher permeability.
Smaller or poorly interconnected pores, on the other hand, can restrict
fluid movement and result in lower permeability.

e Porosity: The volume fraction of void spaces or pores within a porous
medium is referred to as porosity. Because there is more volume available
for fluid flow, higher porosity generally corresponds to higher
permeability. It is important to note, however, that the relationship
between porosity and permeability can be complicated, as pore size and
distribution also play a role.

e Viscosity: The viscosity of the fluid passing through the medium
influences its ability to flow. Fluids with a higher viscosity resist flow
more and may have a lower permeability. Fluids with lower viscosity, on
the other hand, flow more easily and have higher permeability.

e Saturation: The degree to which the pore spaces within the porous
medium are filled with fluid is referred to as saturation. The saturation
level of a fluid influences its permeability, as higher saturation levels
generally correspond to higher permeability. The relationship between
saturation and permeability, on the other hand, can be nonlinear,
especially in multiphase flow systems.

e Grain Size and Shape: The size and shape of the solid grains that make

up the porous medium can have an effect on permeability. Permeability is

10



generally higher in materials with larger grain sizes or more rounded
grains. Irregularly shaped or smaller grains can cause fluid flow to take

more tortuous paths, lowering permeability.

1.9 Dynamic Viscosity of Fluid

Dynamic viscosity, often known as viscosity, is an essential property of a fluid that defines
its resistance to flow under shear stress. It quantifies the internal friction of a fluid when
neighboring layers slide past each other. When a force is applied to a fluid, such as by
passing a solid object through it or applying pressure on it, the fluid’s layers experience
relative motion. The dynamic viscosity quantifies the amount of internal friction that resists
relative motion and dictates how easily the fluid flows.

YA

shear stress, r
gradient,

ay

I

velocity, u

Figure 1.3: Boundary layer on a flat plate [48]

Newton's law of viscosity [49] describes the link between shear stress and
dynamic viscosity in the context of a boundary layer on a flat plate. The shear
stress (t) within a fluid is directly proportional to the dynamic viscosity (u) and
the velocity gradient (du/dy) perpendicular to the direction of flow, according to

Newton's law:

du
T=py 1.3)

where;

e 1 represents the shear stress (force per unit area) exerted on the fluid in

the direction perpendicular to the flow.

11



e udenotes the dynamic viscosity of the fluid.

e (du/dy) represents the velocity gradient, which is the change in velocity

(du) per unit distance (dy) perpendicular to the direction of flow.

The frictional forces between the fluid layers within the boundary layer are the
ones that cause the shear stress to form in the boundary layer on a flat plate. A
velocity gradient is produced as a result of the fluid's changing velocity within
the boundary layer as it moves along the plate. The fluid experiences shear stress

as a result of this velocity gradient.
1.10  Lucas-Washburn Equation

The Lucas-Washburn equation is an empirical relationship that describes the
time-dependent penetration of a liquid through a porous medium. Richard Lucas
[50] developed it in 1921, and Edward Wight Washburn [51] refined it in 1928.
The equation approximates the capillary flow [52] of a liquid through a narrow

tube or porous material.

The Lucas-Washburn equation is used to describe the length of fluid imbibition
in capillary or porous media as a function of diffusion co-efficient and time

period during which wicking is permitted.

Lucas-Washburn Equation states that: “The rise of fluid in a -capillary 1is
proportional to the square root of the capillary's radius, the time period of
wicking, and fluid properties such as contact angle and surface tension, and

inversely proportional to the fluid's dynamic viscosity.”

The mathematical form of Lucas-Washburn Equation is given as

rtcos6
2p

L=y (1.4)
L= Rise of fluid in capillary
©= Contact Angle of fluid

Y= Surface tension of fluid
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p= Dynamic Viscosity
r= Radius of Capillary tube

t= Time period of imbibition
1.11  Capillary Action

Capillary action is the phenomenon in which a liquid is drawn into a narrow
tube or porous material against the force of gravity. It happens as a result of the
interaction of adhesive and cohesive forces within the liquid and between the
liqguid and the solid surfaces. The balance between cohesive forces, which cause
molecules within the liquid to attract each other, and adhesive forces, which
cause molecules of the liquid to adhere to the solid surface, can explain the
process of capillary action. The liquid rises in the capillary tube or porous
material when the adhesive forces between the liquid and the solid surface are
greater than the cohesive forces within the liquid [53], [54].

Concave

Meniscus E‘U

Convex

] /""’Meniscus
[V | (R

Figure 1.4: Capillary action of different liquids [55]

The mathematical relation of capillary action is often described by the Lucas-
Washburn equation, which quantifies the rate of liquid absorption into a
capillary tube or porous material over time. The equation is as follows:

2ycos
h = 2Xes?

= (1.5)
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In this equation:

2. h represents the increase in height of the liquid column over time (in

meters).
3. vy is the surface tension of the liquid (in newtons per meter).
4. 0 is the contact angle between the liquid and the solid material (in degrees).
5. pis the density of the liquid (in kilograms per cubic meter).
6. g isthe acceleration due to gravity (in meters per second squared).

7. ris the radius of the capillary tube or pore (in meters).
1.12  Contact Angle of fluid

The contact angle of a fluid refers to the angle formed between the tangent line
of the liquid-vapor interface and the solid surface at the point of contact. It is a
measurement that characterizes the wetting behavior of a fluid on a solid
substrate [53]. Measuring and understanding a fluid's contact angle on a solid
surface provides important insights into wetting behavior, surface interactions,

and the design of materials with specific surface properties.

— [y —
(a) (b) (c)
B <90°;h = +ve 0=90°h=0 0>90°;h=-ve

Figure 1.5: Different contact angles of water [56]
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1.13  Surface Tension of fluid

The cohesive forces between molecules at the liquid's surface are referred to as
surface tension. It is the amount of energy necessary to raise the liquid's surface
area. The molecules in the liquid's bulk are subjected to attractive forces from
neighboring molecules in all directions. However, because the molecules near
the surface have fewer neighboring molecules above them, the forces acting on
them are imbalanced. This imbalance causes the creation of a thin, elastic-like
layer at the liquid's surface, which operates as if it were under strain. The surface

tension is seen in this stratum.

Figure 1.6: Concept of surface tension [57]

Surface tension is the ratio of surface force induced by liquid pressure to the

length along which the forces act. It can be expressed as
F
T=- (1.6)
T = Surface tension of liquid
F = Surface force acting per unit length

L = Length on which force
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Chapter 2

Flow control in porous media by cavities using numerical and

experimental approach

(Contents of this Chapter will be submitted to International Journal)

Abstract

This research explores the flow in porous media by the virtue of capillary penetration and
ways of controlling the liquid imbibition rate. We conduct experiments and simulations to
alter the flow resistance either by varying the liquids and/or changing the paper channel
geometry by adding cavities. A simulation model was developed to compare the numerical
results with experiments. Both experiments and simulations were conducted on a porous
media in the form of lateral strips of dimensions (£ x w) = (12 X 2) cm cut out from
Whatman grade-42 filter paper. Capillary penetration rate with three different liquids, i.e.,
water, olive oil, and castor oil, was measured and extensive experimental data is presented.
From experiments, it was revealed that by creating a circular cavity in the paper channel,
penetration rate was sufficiently altered. Moreover, increasing the cavities size and type of
liquid (w.r.t. viscosity) also caused a decrease in the flow rate. Liquid imbibition rates were
also influenced by the position of the cavities in the paper channel. Cavities placed near
the lower edge of the strip decreased the liquid imbibition rate much more by offering more
flow resistance than those placed further away. A good agreement was observed with
results obtained from both experimental and numerical approaches. We believe that this
research would help in developing advance techniques to enhance the flow control
strategies in microfluidic paper-based analytical devices (LWPADs) and indicators that have
a wide range of applications in various areas of science and technology including food

quality management, medical diagnostics, and environmental monitoring.

Keywords: Porous media, Flow control, Channel cavity, pPADs, Experiments, and

simulation
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2.1 Introduction

With ever growing world population, new challenges such as global health issues including
food security and the diagnosis/prevention of new diseases have become even more
important in today’s world. Every year, over 1.3 billion tons of edible food are wasted or
lost during the food supply process as a result of no check on its quality or hygiene [1].
Food security has become even more essential as a result of the recent new epidemic.
Against this backdrop, it is imperative to monitor the quality of food [3]. One of the
remedies could be to check and monitor the factors upon which the quality of the perishable
food items is dependent such as time span of food supply chain and/or environmental
conditions including temperature, and humidity [2]. Waste intelligent packaging with
condition monitoring indicators during travel and storage can also serve the purpose [3],
[4]. These devices/indicators also play an effective role in determining the remaining shelf
life of perishable products [5], [6] and serve as of quality sensors for the safety of food in

order to minimize waste [5].

Microfluidics deals with the study of the manipulation and the control of micro/nano liters
of fluid flow on small scale. They provide promising means of developing devices for
monitoring and diagnostic applications. Since 21 century, there is an advent in studies
related to paper-based microfluidics devices due to its easy fabrication, simpler
construction, lower cost, and no maintenance cost [7]. One of the advantages of these
devices is the use of porous paper as a substrate that can facilitate the fluid flow through it
by capillary forces [8], [9]. Microfluidic paper-based analytical devices (UPADs) are
capable of medical diagnostics [10] — [12] food quality control [3], [4], [6], [13], [14] as
well as environmental monitoring [15], [16]. Moreover, for many years, study on fluid flow
through porous media has been a priority, particularly in the areas of groundwater
movement, petroleum engineering, geology, and geophysics. Knowledge of flow control
in paper-based microfluidic devices is essential for the accuracy of the device [17], [18].
The main principle used in these devices is simple fluid imbibition, which is a type of
capillary flow in porous media. Capillary action is the ability of a liquid to flow through
channels as a result of surface tension [19]. Previously, Lucas (1918) and Washburn et al.

(1921) deduced the relationship between the liquid imbibition distance and the time for
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capillary in tubes, it is referred to as the Lucas-Washburn equation. The work of Lucas and

Washburn helped to understand the capillary flow in porous media [20], [21]. The Lucas

Washburn equation L2 = % (where L is the rise of fluid in capillary, 6 is the contact

angle of fluid, y is the surface tension, p is the dynamic viscosity, r is the radius of capillary

tube, and ¢ is the time period of imbibition) and the Boussinesq equation [22] %w(x, t) =

% (w(x, t) %w(x, t)) where (X,t) is a non-negative scalar function on the interval (0,1) and

time t € R> 0 can both be used to describe the fluid model in porous media. This is
dependent on fluid characteristics such as density and viscosity, and the characteristics of
porous media such as porosity, pore size, and permeability. Additionally, the fluid's
molecular make-up, pressure, and temperature affect its density and viscosity. There are
different methods to control the flow rate in the paper that is required for better resolution
in WPADs. The rate of capillary penetration mostly depends on the liquids and properties
of porous medium. There are three categories of flow control strategies: geometric,
chemical, and mechanical [23], [24]. Geometry-based techniques depend on differences in
channel length, channel width, and obstructions in the flow path that may cause the fluid
to take longer to reach the detecting zone. Gravity, capillary absorption, and viscous forces
all contribute to fluid flow in porous media. Depending on the needs of the study, fluid
flow can be represented using radial geometry, 1D, 2D, or 3D visualization [25], [26]. A
small change in the rate of fluid flow can lead to erroneous results in these devices. Despite
advances in paper technology, fluid flow control still remains challenging due to inherent
vulnerabilities and variabilities in the paper material and the passive nature of flow by
capillary action through the pores. To the best of our knowledge, we found no work on the

physical control of fluid flow by the creation of cavities in the main paper channel.

In this work, the variables that affect the rate of capillary penetration in porous media are
studied using simulation and experiments. Whatman grade 42 paper and liquids (water,
olive oil, and castor oil) with different physical properties are selected. Experiments are
performed by altering the geometry of porous media, i.e., creating circular cavities of
different sizes at different positions of the paper channel. A simulation model of wicking

in porous media is developed, and the experimental results are compared. With an increase
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in flow resistance by the virtue of channel cavities, a time delay in fluid flow occurs.

Therefore, a new method for flow control is presented.

2.2 Materials and methods

2.2.1 Experimental Method

For performing experiments on porous media strips, Whatman Grade 42 filter papers

(1442-042 Ashless Filter Paper) are used, with properties as shown in Table 1.

Table 1: Properties of Porous Matrix Whatman paper

Paper Particle Filtration Speed Typical Basis
Grade Retention Herzberg (s) thickness Weight
Liquid (um) (9/m?3)
(Hm)
42 0.25 1870 200 100

Three different liquids, i.e., mineral water (Nestle, Pakistan), olive oil (Himani, Pakistan),
and castor oil (Mundial, Pakistan), are used for fluid imbibition. The detailed liquid

properties are given in Table 2.

Table 2: Properties of Fluids.

Sr. #. Fluid Density | Viscosity | Porosity Surface Permeability
(kg/m3) (Pa.s) Tension m~3

1. Water 997 0.001 0.199 0.0732 3.886 x 10°1¢

2. Olive oil 917 0.084 0.165 0.032 3.227 x 106

3. | Castoroil | 961 0.58 0.182 0.039 3.557 x 10'1¢
4, Air 1 1.76 x 10° N/A N/A N/A

A petri dish is used as a liquid reservoir. To cut out the paper with exactitude in order to
create lateral strips of dimensions (£ x w) = (12 x 2) cm, a paper cutter machine (Guillotine,

Pakistan) is used, which ensures that each sheet is uniform and consistent. After cutting
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filter paper strips, cavities of different diameters, such as 16 mm, 12 mm, and 8 mm, were
created using a die. For each experiment, strips were held by a sturdy stand with one strip
edge dipped in the reservoir. A camera (Nikon Full HD 1080 pixels) with a micro lens
(DMWIFI) was connected to a computer and videos of the fluid imbibition through the
entire length of the strip were recorded. Recorded videos were post-processed for data
acquisition after every 1 cm rise of fluid in the paper strip. Experiments were performed
both for a simple strip with no cavity and for strips with cavities using all three liquids. To
ensure the accuracy and reliability of the results, each experiment was performed at least
three times. A schematic of strip fabrication and experimental setup is as shown in Figure
2.1 (a). For measuring the paper porosity, a high-precision weight balance was used to
measure the paper mass. Mass of dry paper and mass after liquid imbibition in porous
media were measured, and then porosity (¢p) was measured by the formula, ¢ = void
volume/ total volume, as shown in Figure 2.1 (b). For instance, the weight of a dry paper
strip was measured as 0.23 g and that of a wet paper strip with mineral water, olive oil and
castor oil were 0.39 g, 0.35 g and 0.37 g, respectively. The corresponding porosity values
were calculated as 0.199, 0.165, and 0.182, respectively.
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Creating Cavities using die Paper stnps with cavities Strips dipped in reservoir

Measurement of porosity:

()

Weighing of dry strip Weighing of wet strip
Figure 2.1: (a) Fabrication of paper strips using paper cutter and experimental setup (b)

Measurement of weight of dry and imbibed paper strips using weight balance.

2.2.2 Simulation Model

A simulation model was developed using laminar flow and phase transport in porous media
formulations. The formulations were implemented using COMSOL Multiphysics 5.6. The
numerical domain of 2 cm width and 12 ¢cm length with boundary conditions was used as
shown in Figure 2.2 (a). A paper thickness of 0.2 mm and pore radius of 0.25 pm were
considered throughout the simulations unless stated explicitly. Different parameters such
as porosity, density, viscosity, surface tension, cavity size, and location were varied. In
phase transfer physics, we assumed that there was some amount of air trapped in the pores
of the dry strip that escapes only from the upper boundary designated as 3 in order to fill

the pores with fluid, and we insulated the remaining boundaries. At this boundary, we
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kg

applied mass flux FIm [E] for the air phase, which results from the pressure gradient

th

given in the Darcy model. Here, p_Im is the Lagrange multiplier representative of flux at
the boundary. It was introduced as an additional variable to solve when the weak constraints
were turned on for this boundary in the Darcy’s law interface. As the Lagrange multiplier
does not take the thickness (th) of the paper strip into account, the flux must be divided by

it. We also defined the effect of gravity on porous media.

Darcy's law was used to achieve the pressure gradient for fluid flow through the porous
media. So, for the boundary designated as 1, the boundary condition was the hydrostatic
atmospheric pressure (Pam) for the water phase, and for the boundary designated as 3, the
boundary condition was the hydrostatic atmospheric pressure (Pam) minus the capillary
pressure (Pc). We assumed that the remaining two side boundaries (2 and 4) would not

affect the flow as there is no mass flux entering or leaving, so consider it insulated.

2.2.3 Meshing

After creating geometry and assigning multi-physics to our model, next step was to build
the mesh. Mesh plays an important role to solve the model by dividing geometry into very
small elements and solving a finite element problem. It regulates factors such as: size,

shape, density, and number of elements in the geometry.

The linear distributive mesh was erected for our model using mapped mesh tool as liquid
imbibing through porous media is a linear function. We had chosen normal mesh for
simulation as the simulation results for fine mesh and normal mesh were very close as
established by the grid independency test. Our mesh size contained maximum and
minimum element size, growth rate, correction factor and resolution of narrow edges of
0.00804 and 3.6E-5, 1.3, 0.3 and 1, respectively. Additionally, it also reduced the
computational cost and the time of study. The mesh generated for our model is shown in

Figure 2.2 (b).
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(a) Water Saturation (b)
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(c)
— —
O O O
CAD geometry  Mesh control Final Geometry with
with 2-edges edges Geometry virtual domain

Figure 2.2: (a) Numerical domain with boundary conditions, (b) Meshing of numerical
domain without cavity, and (¢) Meshing of numerical domain with cavity using virtual
operations.

In our simulation analysis, for studying cavity ridden paper channel, we used virtual
operations to define the virtual rectangular domain and the mesh control edges around the
cavity and created a triangular mesh in the region. This facilitated the formation of mesh
with different types and sizes within a single domain. Mesh size for the domain with or

without cavity ware kept the same.
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2.2.4 Governing Equation

The simulation is based on Multiphase flow in porous media which fully couples Darcy’s
Law and phase transport in porous media. Phase transport in porous media uses the

equation given below for the volumetric fraction s’ of wetting and nonwetting fluid f.

5 (Eoprs's) + 7 (‘PfK%(VPf - Pf9)> =0Qr=0 2.1)

where g, is the porosity of the media, ps is the fluid density (kg/m?®), s’ is the volumetric
fraction, K is the permeability (m?), K,¢ is the relative permeability, p is the dynamic

viscosity (Ns/m?), Ps is the pressure (Pa), and g is the gravity.

As the total of wetted s, and nonwetted s’; volume fractions of the two phases are 1, the

residual volume fraction is calculated from.

Sll =1- 5’2 (2.2)
The calculation of capillary pressure P; depends on the saturation of the wetting phase s'yy,

also known as s', in the model, and the entry capillary pressure Pep. The Brooks and Corey

model is utilized to determine the capillary pressure.

1

Pc = Pecp— 2.3)
(s"w)*
R 2
KT'S’W = (S,W)(3+Z) 24
N S 2
Kpsr, = 6?1 = (1 =57 (2.5)

where A is the pore distribution index, K¢ _is the relative permeabilities wetting phases,

and K¢ _is the relative permeabilities nonwetting phases.

The Darcy's law formulations are a combination of Darcy's law and the continuity equation.
This interface is used to describe the flow of a fluid through a permeable medium, such as
porous paper, rock, or soil. By combining these two equations, Darcy's Law interface can

provide a more accurate description of fluid flow in porous media.
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= (pep) + 7 p (—%(VP)) =0 (2.6)

The Lucas-Washburn equation was used to calculate the length of fluid imbibition in

porous or capillary media as a function of diffusion co-efficient and wicking time.

According to the Lucas-Washburn Equation, "the rise of fluid in a capillary is proportional
to the square root of the capillary's radius, time taken for wicking, and fluid parameters,
such as contact angle and surface tension, and inversely related to dynamic viscosity of

fluid."

2 __ yrtcos(6)
L2 =1 @2.7)

where L is the rise of fluid in capillary, 8 is the contact angle of fluid, y is the surface
tension of fluid, p is the dynamic viscosity, 7 is the radius of capillary tube, and ¢ is the time

period of imbibition.
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2.3 Validation of Numerical Technique

The simulation model was validated against the experiments and Lucas Washburn (L-W)
equation (eq. 2.7) of fluid flow. Experiments were performed for water imbibition in porous
media. Figure 2.3 (a) shows that the results obtained by simulations are in a good
agreement with those obtained by experiments and Lucas-Washburn equation. Figure 2.3

(b) shows the water saturation at successive time intervals obtained from simulation.

Water Saturation
m ; ; - :
12 4 —— LR E]S T
" 0.12p + g
= 0.11f
01k .
’E‘ 0.08 b
o
e n.0Bf .
2
= 007k 1
2 12cm
5 0.06F
=
=) 0.05F .
c
s o.04f
— 0.03F g
2cm 0.02F 1
B Experimental Results | s01k
77— Simulation Results | ol 4
; - A -Theory [L-W Equation]| L=Smin  t=20min  t=23min  t=30min  t=35min  t=45min
0 T T T T T T i 1L
0 10 20 30 40 50 60 70 o . 5
0 0.05 0.1 0.15% m
Time (mins)

Figure 2.3: (a) Validation of simulation model against experiment and theoretical Lucas
Washburn (L-W) equation (eqn. 2.7), (b) Simulation results. Water is used as an imbibing
liquid.

2.4 Results and Discussions

The basic aim of this research is to develop effective methods to reduce the flow rate in
porous media. Here, we explore different means of flow control such as the use of cavities
of different sizes at different locations under various set of conditions using experimental
and numerical approaches. Flux variations of different fluids such as water, olive oil and

castor oil are studied through lateral strips fabricated from Whatman 42 filter paper.

Firstly, we perform our experiments on paper strip of length 12 cm and width 2 cm. Figure
2.4 (a) shows the liquid ambition with time along the strip length using different liquids.
Results show that as we use higher viscosity fluids flow rate decreases i.e., requires more
time to travel. Figure 2.4 (b) shows simulation results comparison at same time for

different liquids. There is a prominent difference between water saturation, olive oil
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saturation and castor oil saturation. At t = 50 mins water saturation is almost complete
whereas olive oil saturation reached above at 2 cm along the length of strip and castor oil
saturation almost reached 1 cm along the length of strip. This indicates that castor oil

imbibition is almost 10 times slower than water.

(b) Water Olive Oil  Castor Oil

1,
@ LA -
@ AT -
¢ [ 0.8
£ » A& 0.7
o © .l
e i 0.6
ﬁ P 4 12 cm
% g A 0.5
= y 4
= L 0.4
5 T }
- 2cm 0.3
o
[—=— Water
|—e— Olive Oil =
‘ 4 Castor Oil 0.1

(I) 760 1400 21b0 28'00 35‘00 4200 49I00 SGIOO
Time (mins)
Figure 2.4: (a) Experimental results of liquid imbibition with time along the strip length
without cavity using different liquids, (b) Comparison of simulation results using
different liquids at same time.

Time = 50 mins

2.4.1 Effect of Circular Cavities

Figure 2.5 shows the simulation results comparison at same time for different liquids with
circular cavity of diameter 16 mm located at 3 cm from the strip edge. The flow rate has
decreased and the water saturation at t = 70 mins is only up to 8 cm of the strip. Similarly,
the olive and castor oil imbibition has reduced with the inclusion of cavities in the water

flow channel water.
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Figure 2.5: Simulation results of liquid imbibition with time along the strip length with
cavity of 16 mm diameter using different liquids.

Further, we added circular cavities of diameter 8 mm, 12 mm, and 16 mm to check the
effect on fluid imbibition in porous media. Figure 2.6 shows comparison of simulation and
experimental results of liquid imbibition with time along the strip with circular cavity at 6
cm from strip edge using different liquids. In Figure 2.6 (a), we created circular cavity of
8 mm at 6 cm from strip edge and water is used as a fluid. Result shows the 19.5% decrease
in flow rate as compared to strips without cavity. In Figure 2.6 (b), we created circular
cavity of 12 mm at 6 cm from strip edge and water is used as fluid. Result shows the 37.4%
and 15% decrease in flow rate as compared to strips without cavity and with cavity of 8
mm respectively. In Figure 2.6 (¢), we created circular cavity of 16 mm at 6 cm from strip
edge and water is used as fluid. Result shows 43.9%, 20.45% and 4.76% decrease in flow
rate as compared to strips without cavity and with cavity of § mm and 12 mm, respectively.
Also, we compared our experimental results with simulation model, and we got similar
results as in our experiments that verifies our experimental results. Next, we changed our
fluid and used olive oil to check the behavior of fluid flow in porous media. Here, similar
trends were obtained as in the case of water discussed earlier. Figure 2.6 (d), (e) and (f)
shows comparison of simulation and experimental results of liquid imbibition with time
along the strip with circular cavity at 6 cm from strip edge using olive oil. In this case flow
rate decreases due to higher viscosity of olive oil as compared to water and also because of

adding cavities. In Figure 2.6 (d), circular cavity of 8 mm shows 6.08% decrease in flow
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rate as compared to strips without cavity. For a case of 12 mm cavity, 6.6% and 0.59 %

decrease in flow rate as compared to strips without cavity and with cavity of 8 mm,

respectively, was attained as shown in Figure 2.6 (e). As the cavity size is increased to 16

mm, 7.2%, 1.12% and 0.53% decrease in flow rate as compared to strips without cavity

and with a cavity of 8 mm and 12 mm, respectively, was obtained [See. Figure 2.6 (f)].
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Figure 2.6: Liquid imbibition with time along the strip with circular cavity at the strip
center using different liquids used as imbibing liquid. (a-c) Water, (d-f) olive oil, (g-1)
castor oil.

Figure 2.6 (g), (h) and (i) shows comparison of simulation and experimental results of

liquid imbibition with time along the strip with circular cavity at 6 cm from strip edge using

castor oil. In Figure 2.6 (g), in case of circular cavity of 8 mm 3.5 % decrease in flow rate

as compared to strips without cavity was attained. For a case of 12 mm cavity, 5.8 % and

2.23 % decrease in flow rate as compared to strips without cavity and with cavity of 8 mm,
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respectively, was attained as shown in Figure 2.6 (h). As the cavity size is increased to 16
mm, 11.9%, 8.12% and 5.75% decrease in flow rate as compared to strips without cavity

and with a cavity of 8 mm and 12 mm, respectively, was obtained [See. Figure 2.6 (i)].

Therefore, as the number of circular cavities in porous media are increased, it provides
more resistance in flow of liquid. Furthermore, as we increase the size of cavity it provides

more resistance in liquid imbibition. Thus, liquid imbibition rate was decreased.

2.4.2 Effect of changing position of cavities

We also explored the effect of changing the position of circular cavities in paper strips.
Figure 2.7 shows the experimental and simulation results of liquid imbibition with time
along the strip with circular cavity at 3 cm from strip edge using different liquids. Here, we
changed the position of our cavity from 6 cm to 3 cm from strip edge. Figure 2.7 (a) shows
the experimental and simulation results of liquid imbibition with time along the strip with
circular cavity of diameter 8 cm using water. In this case, to the flow rate decreased by
13.4% as compared to the 8 mm cavity at 6 cm from strip edge. Similarly, we got 10.5 %
decrease by using a 12 mm cavity, and 16 % decrease by using 16 mm cavity located at 3
cm from strip edge [See. Figure 2.7 (b) and (c)] compared to the corresponding size of
cavity located at 6 cm from strip edge.

Figure 2.7 (d), (e) and (f) shows the experimental and simulation results of liquid
imbibition rate along the strip with circular cavity at 3 cm from the strip edge using olive
oil. Figure 2.7 (d) shows a decrease of 1.59% as compared to the § mm cavity at 6 cm
from strip edge. Similarly, we got 1.88 % decrease by using a 12 mm cavity, and 30.8 %
decrease by using 16 mm cavity located at 3 cm from strip edge [See. Figure 2.7 (e) and
()] compared to the corresponding size of cavity located at 6 cm from strip edge.

Figure 2.7 (g), (h) and (i) shows the experimental and simulation results of liquid
imbibition rate along the strip with circular cavity at the strip 3 cm from the strip edge

using castor oil.
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Figure 2.7: Liquid imbibition with time along the strip with circular cavity at the strip
bottom using different liquids as imbibing liquid. (a-c) Water, (d-f) olive oil, (g-i) castor
oil.

Figure 2.7 (g) shows a 5.87% decrease as compared to the 8 mm cavity at 6 cm from strip
edge. Similarly, we got 18.39 % decrease by using a 12 mm cavity, and 36.3 % decrease in
flow rate by using 16 mm cavity located at 3 cm from strip edge was attained [See. Figure
2.7 (h) and (i)] compared to the corresponding size of cavity located at 6 cm from strip
edge. As we create cavity in strip it disturbs pressure gradient that affects the flow. The
affected pressure gradient slows the removal of air from the strip boundary 3 (boundary
parallel and away from reservoir contact boundary). Moreover, the position of the cavity
on strip impacts the flow greatly when it is far from boundary 3 making air removal

difficult. As the removal process of air slows, it provides more resistance and the wicking
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time increases. Therefore, flow rate decreases by shifting the location of cavities nearer to

the strip edge as it provides more resistance from the start of flow.
2.4.3 Experimental comparison with cavities using different liquids

Figure 2.8 shows the experimental results of liquid imbibition with time along the strip
length with cavity using water, olive oil and castor oil. Figure 2.8 (a) shows the
experimental results of liquid imbibition rate along the strip length with a cavity at 6 cm
from the strip edge with diameter of 8 mm using water, olive oil and castor oil. This is the
simple comparison between different liquids which shows that we get maximum flow time
along the length of strip in case of castor oil as compared to olive oil and water due to high
viscosity of castor oil. Castor oil is 3.35 times slower than olive oil.

Figure 2.8 (b) shows the experimental results of liquid imbibition rate along the strip
length with a cavity at 6 cm from the strip edge with diameter of 12 mm using water, olive
oil and castor oil. Olive oil is 19.4 times slower than that of water. Castor oil is 66 times
slower than water and 3.4 times slower than olive oil. Figure 2.8 (¢) shows the
experimental results of liquid imbibition with time along the strip length with cavity at 6
cm from the strip edge having diameter of 16 mm using water, olive oil and castor oil.
Olive oil is 16.8 times slower than that of water. Castor oil is 60.3 times slower than water
and 3.6 times slower than olive oil. Figure 2.8 (d), (e) and (f) shows the experimental
results of liquid imbibition with time along the strip length with cavity at 4.5 cm from the
strip edge with diameter of § mm, 12 mm and 16 mm using water, olive oil and castor oil.
Figure 2.8 (d) indicates that castor oil is 70.62 times slower than water and 3.4 times
slower than olive oil. Figure 2.8 (e) indicates that castor oil is 71.5 times slower than water
and 3.8 times slower than olive oil. Figure 2.8 (f) the time required to flow the castor oil

to the length of strip is 66 times slower than water and 3.7 times slower than olive oil.
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Figure 2.8: Experimental results of liquid imbibition with time along the strip length with
cavity using different liquids.

Figure 2.8 (g), (h) and (i) shows the experimental results of liquid imbibition with time
along the strip length with cavity at 3 cm from the strip edge with diameter of 8§ mm, 12
mm and 16 mm using water, olive oil and castor oil. From Figure 2.8 (g), we noticed that
water 1s 20.7 times faster than olive oil and castor oil is 3.5 times faster than olive oil. In
Figure 2.8 (h), we noticed that olive oil is 0.048 times slower than water. Figure 2.8 (i),
(16mm circular and 3 cm from strip edge) experimental data showed that castor oil is 85
times slower than water and 3.7 times slower than olive oil. Because of large cavity size

provides more resistance in flow and high viscosity fluids required more time to flow.

40



Figure 2.8 (g), (h) and (i) shows the experimental results of liquid imbibition with time
along the strip length with cavity at 3 cm from the strip edge with diameter of 8 mm, 12
mm and 16 mm using water, olive oil and castor oil. From Figure 2.8 (g), we noticed that
water is 20.7 times faster than olive oil and castor oil is 3.5 times slower than olive oil. In
Figure 2.8 (h), we noticed that olive oil is 0.048 times slower than water. Figure 2.8 (i),
(16mm circular and 3 cm from strip edge) experimental data showed that castor oil is 85
times slower than water and 3.7 times slower than olive oil. Because of large cavity size
provides more resistance in flow and high viscosity fluids required more time to flow.

tl/Z

Straight lines show that # still varies as ¢~ for all the cases.

2.4.4 Comparison with theoretical model

In Figure 2.9 (a), t* is the ratio of experimental time and theoretical time from the Lucas-
Washburn equation (t* = texp/tL-w). The ratio of location of the cavity (L) to the length of
the strip () was varied while the ratio of cavity diameter (d) to strip width (w) was kept
constant. L/¢ ~1 corresponds to cavity located centered at the strip top edge while L/¢ =0
corresponds to strip bottom edge. The graph shows that we got a maximum of~1.9 times

decrease in flow ambition time at L/ =0.2 compared with Lucas-Washburn equation in

(a) (b)
1.04a o —O—Water 0.8 4 {i\ 00— Water lo) =]
| —o—Olive Oil O— Olive Ol [/
) \ \ —%— Castor Oil a:f —&\— Castor Qil I_I é
0,5) g \ 0.6 1 7 ri//
Se \ g [ /,,/"
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Figure 2.9: Comparison of decrease in flow rate compared with Lucas-Washburn Equation
(eqn. 2.7). Here, * (= texp/tL-w) is the ratio of experimental time and theoretical time, L is
location of cavity, € is length of strip, d is size of cavity and w is width of strip. (a) By
changing the ratio L/¢ and keeping d/w = 0.6, (b) By changing the ratio d/w and keeping
L+ =0.5.
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case of water. Similarly, we got ~1.7 times and ~1.4 times decrease for olive oil and castor
oil, respectively. d/w was kept constant at 0.6. Thus, smaller the value of L/#, larger will

be the flow imbibition time.

In Figure 2.9 (b), we got a maximum of~1.85 times decrease in flow ambition time at d/w
~ 0.8 compared with Lucas-Washburn equation in case of water. Similarly, we got ~1.6
times and ~1.2 times decrease for olive oil and castor oil, respectively. L/# was kept

constant at 0.5 Thus, larger the value of d/w, larger will be the flow imbibition time.

2.5 Conclusion

In this research, we have used circular cavities of different sizes located at different
locations of the paper channel with an aim to provide a new method for better flow control
and resolution in microfluidic paper-based analytical devices (uPADs). The flow
imbibition time is measured using experimental and simulation approaches. We have used
three different liquids to explore a variable range of fluidic properties on Whatman grade
42 filter paper. We found that flow imbibition time scales can be decreased to large extent
depending on the size and location of the cavities. We attained almost 2 times decrease in
flow time compared with Lucas-Washburn (L-W) for water having 16 mm cavity nearer
the strip bottom edge at the distance of 3 cm. The more the cavity is located nearer to the
strip bottom edge, the more flow resistance it offers. On the other hand, the larger the size
of the cavity, the larger is the flow resistance. Overall, we attained a maximum delay in
the case of castor oil which was almost 85 times slower than water and 3.7 times slower
than olive oil. We found that despite the creation of channel cavities the flow length £ still

scales as ~t*2 for all the cases.

We believe that our results will be useful for better flow resolution and control in future
porous media-based devices/indictors. Moreover, we have provided an extensive

experimental data that can be used for future applications and mathematical modeling.
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