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Abstract: Microfluidic paper-based analytical devices have broadened the scope of microfluidics by
offering low-cost, simple, faster fabrication, biodegradability, and environmentally benign devices
capable of medical diagnostics, environmental sensing, and food quality control. These devices are
incredibly versatile, which is one of their most notable features. Despite recent advancements in
paper-fluidics, creating slow flow channels in paper still remains a challenge. Herein, we propose
viscous barriers of various concentrations embedded along the paper channel to control its flow
velocity by altering the pore size. We used sugar concentrations in the range of 0–40% dried in porous
media and then recorded flow behaviors of water and castor oil. From experiments, it was observed
that by increasing the sugar concentration, delay time also increased. Moreover, changing the type
of fluid (w.r.t viscosity) also varies the flow delays as castor oil took a much longer time to cover
the same channel length as compared to water. We believe that our proposed method will play an
important part in improving flow delays and can be applied for food quality applications such as
time–temperature indicators due to its simple fabrication and cost-effective technique.
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1. Introduction

Global health is the most important challenge that the world faces in improving dis-
ease detection and diagnosis precision. Health can be improved by providing an adequate
quality of food and a pollution-free environment. Microfluidics devices provide great
potential for food safety and inexpensive diagnostics. These devices enable less sample con-
sumption as well as quicker reaction and separation times. Integrated microfluidic devices
are used for a wide range of applications. These applications include medical diagnostics,
environmental sensing, drug discovery, drug delivery, chemical and biochemical processes
in the field of analysis, as well as energy conversion and storage [1–5]. Such devices are
mainly used for immunosensing, point of care (POC), and filtration of biological fluid on
a chip [6]. Martinez et al. of Whiteside’s group at Harvard realized the use of paper for
microfluidic devices in 2007 and reported first microfluidic paper-based analytical device
(µPAD) [6]. The developing cost of µPADs is minimal, because paper is the cheaper, flexible,
portable, and biodegradable material. As a result, there is no external force required to
control the flow of the fluid in the paper due to its capillary force.

Understanding of flow control is very important in paper-based microfluidic devices
for its accuracy and predictability [7,8]. Flow control in a two-dimensional paper-based
microfluidics device can be done by either changing the geometry or by changing the
chemical properties of the flowing fluid [9]. A simple geometric control can be done by just
changing the channel length to control wicking times [10]. Printing baffles on the paper
can also be used to decrease flow time [11]. Chemical flow control can be done by using
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sugar and wax to create barriers in the path of the flowing fluid to decrease flow time for
food quality control.

For our research, we have used sucrose for creating barriers in the path of the flowing
fluid. By adding sugar barriers into the paper channel, porosity will decrease, and as a
result, imbibition of the solution into the paper will decrease. Decrease in the pore size
of the paper will increase the resistance of the flowing fluid in the paper channel; as the
resistance is increased, the flowing fluid will take more time to reach the required point.
In this research, we adopted the chemical-based method to control and manipulate fluid
flow in paper for food quality devices such as time–temperature indicators to increase the
delay time of fluid flow in paper. The flow control was achieved by changing the amount
of sucrose in the solution of wetted paper.

2. Theoretical Background

Flow can be classified as wet-out flow and fully-wetted flow. One-dimensional
fluid flow into a dry porous paper channel is termed as wet-out flow. The classic Lucas–
Washburn (L–W) concept of wet-out in a paper pore does not take part in the complicated
reduction process of sugar-treated strips; it would provide a useful framework for describ-
ing the origin of time delays. The L–W equation is derived from the capillary force due to
surface tension of the paper and the viscous force of fluid flow. It explains that the length
of liquid imbibition is proportional to the square root of time.

L2 =
rγcosθ

4µ
t (1)

where L is the penetration length of the wicking fluid, r is the pore size radius of the paper
strip, γ is the surface tension force, θ is the contact angle and µ is the dynamic viscosity of
the flowing fluid. The capillary force responsible for fluid flow in paper is caused by the
surface tension γ at the fluid surface. The higher the capillary pull, the higher the surface
tension at the liquid interface, and hence the higher the fluid flow in the paper channel.

3. Materials and Methods

The delay time of wet-out flow through the paper strip is increased by creating the
delay zone of different sugar concentrations. A sugar solution is prepared by mixing the
sucrose in distilled water at room temperature. Solubility of sucrose in water at 200 ◦C is
66.7% by mass. We prepared the sugar solution in distilled water of 30% and 40% sucrose
by mass. Whatman filter paper strips of grade 40 were inserted in 30% and 40% sugar
solution until the solution was wicked at the desired point on the strip. Wicking strips
were dried at room temperature. Figure 1 shows the preparation of the sugar delay zone of
different concentrations.
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Figure 1. Preparation of sugar delay zone. Figure 1. Preparation of sugar delay zone.

As the length travelled by liquid in the rectangular channel increases, viscous drag
acting on it also increases, which causes the flow velocity to decrease with time. Figure 2
shows the image during the experiment. The flow speed of the water is high in the low
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concentration delay zone. For the high concentration sugar delay zone, the liquid flow
is slow. Time to reach the fluid at the finish line is increased by increasing the sugar
concentration from 0–40%. The length of liquid flow in the paper strip is measured by the
Image J software (National Institutes of Health and LOCI, 1.48 v, Bethesda, MD, USA, and
Madison, WI, USA), as shown in Figure 2c.
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4. Results and Discussion

Figure 3a shows the flow of water in the paper strips of different sugar concentrations.
Water flows in the untreated 0% sugar concentration strip for 7 min to reach a length of
60 mm. At the creation of a delay zone of 30% sugar concentration, it takes 18 min to reach
the finish line of the 60 mm length. Water flowing in a created delay zone of 40% sugar
concentration, on the other hand, takes 20 min to reach a length of 28 mm. So, this indicates
that wicking delay time can be increased by increasing the sugar concentration to some
extent.
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To increase the delay time from hours to days, we used the high viscous fluid of
castor oil, which has a viscosity of 14 times more than water. The flow of castor oil in
the untreated paper strip of 0% sugar solution takes two and a half days to reach the
same length of 60 mm as shown in Figure 3b. However, in the delay zone of 40% sugar
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concentration, castor oil takes much more time, 2 days, to cover the length of 40 mm. Hence,
the results show that time delay can be increased by creating a sugar delay zone of different
concentrations and changing the wicking fluid from water to a high viscosity liquid.

5. Conclusions

Flow delays were achieved by using sucrose solutions of various concentrations in
paper media to study their effect on flow delays. Several experiments were performed
by changing sucrose concentrations in distilled water in a range of 0–40%. Moreover, the
flow behavior of highly viscous fluid, e.g., castor oil, was also studied and compared with
distilled water. From experiments, it was recorded that a flow delay of 40 min was achieved
by using a 40% sucrose concentration. To achieve a flow delay of two days, castor oil is
also promising in this regard. We believe that this study will help researchers to develop
more sustainable and efficient methods of flow delays for food quality and environmental
sensing applications of paper-based microfluidic devices.
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