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Abstract: Paper-based microfluidics provides a versatile platform for numerous applications, includ-
ing diagnostics at the point of care, environmental detection, and food quality control. Utilizing
paper as a substrate offers numerous benefits, including flexibility, biodegradability, low cost, and
capillary-driven flow. Despite significant advancements in paper-based microfluidic devices, regulat-
ing fluid flow effectively within the paper channel remains a persistent challenge. In order to resolve
this problem, our research proposes a method for manipulating fluid flow in the paper channel by
altering the surface contact between the storage medium and the paper channel. According to the
results, increasing the contact area between the reservoir and the paper surface decreases the flow
velocity and increases the fluidic time delay. This is due to the increased diffusion area between
the storage medium and the paper channel, which creates resistance to liquid flow. Therefore, the
liquid takes longer to travel through the paper channel, resulting in a decrease in velocity relative to
contact areas of 50% or 70%. We are confident that this method of flow control can enable lateral flow
sensing devices with enhanced flow variation options for use in medical, environmental, or food
quality applications.
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1. Introduction

Microfluidics is an interdisciplinary field concerned with the precise manipulation and
control of microscopic fluid volumes [1]. It involves the study and development of devices
and systems capable of managing microliter or nanoliter volumes of fluids [2]. Microfluidics
enables a variety of applications, including chemical analysis, biomedical diagnostics, drug
delivery, and DNA sequencing, by capitalizing on the unique properties of fluids at these
scales. The ability of this technology to miniaturize and automate laboratory processes
has revolutionized industries, providing benefits such as decreased sample and reagent
consumption, quicker analysis times, and increased portability [3]. Microfluidics has
enormous potential for advancing research, diagnostics, and technological advancements
in a variety of fields. The field of microfluidics includes a subfield known as “paper-based
microfluidics”, which employs paper or porous membranes to facilitate fluid transport via
capillary action.

First, paper-based microfluidics can operate without pumps or additional appara-
tus, making them portable and self-contained. This feature facilitates preparation and
simplifies the experimental or diagnostic procedure. In addition, these devices are less
expensive than conventional microfluidic devices, making them accessible to a broader
audience. Furthermore, the disposal of paper-based microfluidic devices is easier and
more eco-friendly [4]. Another notable advantage of paper is the simplicity of production.
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The manufacturing process is relatively simple and can be accomplished using standard
printing techniques or straightforward cutting and folding techniques. This accessibility
permits rapid prototype development and scalability [5]. These point-of-care devices offer
expeditious and dependable outcomes for a wide range of medical conditions, enabling
timely interventions and ultimately improving patient outcomes [6].

The manipulation and regulation of fluid flow within paper substrates have been
the subject of extensive research, employing diverse methodologies. For instance, in 2010,
Fu et al. demonstrated a successful approach by modifying the dimensions of the filter
paper, thereby influencing the fluid flow velocity through the material [7]. Similarly,
Gao et al. explored the control of flowrate through the adoption of various paper cutting
techniques [8], whereas Mendez et al. employed two-dimensional patterning on the paper
surface to achieve flow control [9]. Another notable method involved wax treatment to
alter surface wettability in paper, effectively retarding the flow of liquids [10]. These recent
advancements in the realm of flow manipulation within paper-based microfluidic systems
have found practical applications in diverse fields, including food safety.

However, despite the significant advancements that have been made in flow control
techniques for paper microfluidics, there has been a discernible lack of investigation into
the impact the reservoirs in paper fluidics. Hence, in this research, we present a new
way to alter the flowrate in porous membranes (filter paper). We investigate fluid flow
through a porous medium, especially concentrating on how modifying the contact between
the storage reservoir and paper strip may affect the flowrate in the paper channel. This
is carried out so that we can better understand how a fluid can flow through a porous
medium. We hope this will contribute to the current body of knowledge and improve the
adaptability of lateral flow strips for different biomedical and food quality applications.

2. Theoretical Background

The correlation between the travel distance (L) and time (f) for one-dimensional flow in
paper, as outlined by the Lucas-Washburn equation, is illustrated by Equation (1) presented
hereinafter. This equation posits that the distance traversed L is directly proportional to

VE[11].
L— yrcos(0) Vi

2u

This equation incorporates several variables such as contact angle (¢), time (), the
liquid’s surface tension (y), dynamic viscosity (u), and pore size (r). Another famous model
for porous media for the fully wetted condition is given by Darcy’s law [12].

_ kAAP

Q= Hlo

where Q is the volumetric flowrate, A is the cross-sectional area across flow direction, k is
the permeability, and AP represents the pressure differential across the system.

3. Materials and Methods

The materials utilized in the experiment consisted of Whatman filter paper No. 1 and
an absorbing pad. The working fluid employed was octanoic acid. Figure 1 illustrates the
experimental setup, featuring an infinite reservoir volume and adjustable contact between
the absorbing pad (serving as the storage reservoir) and the paper strip. A paper channel
was cut and connected to this reservoir, wherein the length of fluid travel needs to be
measured. The length, width, and thickness of the paper strip were 50 mm, 17 mm, and
0.18 mm, respectively, and those of the absorbent pad were 10 mm, 17 mm, and 1 mm,
respectively. The absorbent pad and the paper strip were cut with a CO, laser. ImageJ was
utilized for measuring the length of travel using image analysis.
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Figure 1. Experimental setup with reservoir and paper membrane connected for fluid flow with
varying contact area.

4. Results and Discussion

In Figure 2, the length—time curve of the experiment is depicted, focusing on the
utilization of an infinite reservoir with paper strips and varying the contact area between
the reservoir and the paper strip. This study explores the impact of the contact area while
maintaining an infinite fluid volume within the storage reservoir. We observed that, initially,
the gradient of length is steep, indicating fast flow. The contact areas of 20% and 50% are
nearly identical and differ as the flowrate decreases with time. The minimum flowrate
achieved is at 100% contact and the maximum flowrate is achieved at 50% contact between
the storage reservoir and the paper strip. The reason is that the fluid must travel from the
absorbing pad into the paper strip and then in the whole length of the paper, because as
the contact is increased, more fluid must be diffused into the paper strip to start the fluid
flow; hence, the flowrate decreases. At 20% contact, the storage has an ample amount of
fluid however, because of the lower contact area, the flowrate is lower than the maximum
flowrate at 50% contact area. Hence, we can use this factor to increase or decrease the
flowrate in the paper strip.
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Figure 2. Flowrate at different contact areas between the reservoir and paper channel.

5. Conclusions

In summary, our study introduces a new method for flow variation by manipulating
the contact area between the storage reservoir and the paper strip. We deduce that in
addition to the length of the paper channel, the contact area among the reservoir and main
channel, as well as the fluid available in the reservoir, affects the dynamics of imbibition
in porous membrane. We have successfully demonstrated that the lowest and highest
flowrates within the paper strip correspond to 100% and 50% contact. These findings enable
the addition of lateral flow paper strips to benefit from flow control. By precisely adjusting
the contact area, we can optimize flowrates and enhance the accuracy of environmental
data collection. Overall, our research offers new insight into flow control and its potential
applications in various domains.
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