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Abstract 

 
Paper-based microfluidics are microfluidic devices that consist of a series of hydrophilic 

cellulose or nitrocellulose fibers that transport fluid from an inlet through the porous medium to 

a desired outlet or region of the device, by means of capillary action. Paper is abundant and 

compatible with many chemical/biochemical/medical applications, it is easy to use, disposable, 

equipment free, and its high surface area improves detection limits for colorimetric method, its 

ability to store reagents in active form within the fiber network. It provides a novel system for 

fluid handling and fluid analysis for a variety of applications including health diagnostics, 

environmental monitoring as well as food testing. It has been used from spot tests for metals and 

paper chromatography to lateral flow immunoassays and later now as multilayered (µPADs). 

Different technologies has been adopted in past for fabrication of (µPADs). The fundamental 

principle underlying these fabrication techniques is to pattern hydrophilic-hydrophobic contrast 

on a sheet of paper in order to create micron-scale (i.e., hundreds to thousands of micrometers) 

capillary channels on paper. Their widespread adoption has been limited by slow flow rates of 

fluid passing through it, shelf life of enzyme/reagent stored on paper, coffee ring effect in which 

there is non-uniform distribution of reagent due to hydrophobic boundary, theoretical modeling 

which accurately depicts behavior of fluid flow through multilayered µPADs considering all 

design parameters, non-homogenous paper causes anisotropic properties. In counter to that in 

this present work, numerical analysis of impact of various design parameters on the performance 

of single and multilayered paper based microfluidic analytical devices (µPADs) is performed, in 

order to find effect of different design parameters on velocity of fluid e.g. porosity, permeability, 

capillary angle, gap height, surface tension, dynamic viscosity, paper thickness, paper width etc. 

Based on the results of numerical analysis, it is concluded that permeability, gap height, 

interfacial tension, paper thickness are directly proportional with the velocity of fluid and the 

remaining design parameters dynamic viscosity, capillary angle are inversely proportional with 

the velocity of fluid, porosity doesn’t affect velocity value. Whatman filter paper grade 4 is 

recommended for single layered and multilayered microPADs, because velocity of fluid is found 

to be 1.3 mm/s in case of single layered microPADs. Maximum gap height that is beneficial for 

velocity enhancement in multilayered microPADs is 400 µm. Optimum value of paper width is 

found to be 0.02m for enhanced velocity. Based on these findings one can manufacture paper 

material of certain desired properties to get favorable results and can also fabricate multilayered 

microPADs while keeping gap height behavior under consideration. 
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Nomenclature and Symbols 

                       µPADs                                   Microfluidic Paper Based Analytical Device  

                            por/Ep                                     Porosity 

                          K                                         Permeability 

                          u                                          Velocity 

                         Pv                                                                               Viscous pressure 

                         Pc                                            Capillary pressure 

                          θ                                          Capillary angle 

                          γ                                              Interfacial surface tension 

                          h                                          Half gap height 

                          µ                                          Dynamic viscosity 

                           t                                          Time 

                           r                                          Pore radius 

                          L                                          Penetration length of fluid 

                            Q                                          Volumetric flow rate 

                          A                                          Surface Area 

                         ∆P                                         Pressure difference 

                          q                                           Volumetric evaporation flux 

                          th                                          Paper thickness 

                          ∇                                                Dell operator 

                             ρ                                              Density 

                          s                                           Different phases (s1,s2) 

                          g                                          Gravitational acceleration 

                          F                                          Body force 
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1 : INTRODUCTION 
 

The main objective of this thesis is numerical analysis of impact of various design parameters 

e.g. porosity, pore radius, permeability, gap height, capillary angle, dynamic viscosity, paper 

thickness, surface tension, paper width etc. on the performance of single and multilayered paper 

based microfluidic analytical devices (µPADs), in order to get enhancement in velocity. This 

work is divided into three different portions:- (1) Numerical analysis of impact of various design 

parameters on single layered paper based microfluidic analytical device (µPADs) using 

COMSOL Multiphysics Software. (2) Numerical analysis of impact of various design parameters 

on multilayered paper based microfluidic analytical device (µPADs) using COMSOL 

Multiphysics Software. (3) Simulation of ODEs obtained from experimental work done by 

Robert B. Channon [73] using MATLAB Software. Below figures 1 & 2 are taken from Robert 

B. Channon Paper et al. [73] and this represents how multilayered microfluidic paper based 

devices are fabricated.     

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1: Schematic and Orientation of Multilayered 

(µPADs) [73] 
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Figure 1.2: (a) Side View Picture and (b) illustrative schematic 

of fluid flow in Multilayered (µPADs) (390 µm gap height) 

[73] 

Figure 1.3: Filter Paper pores with 500 times under the scanning of 

electron microscope 
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Above figure is used to represent cylindrical pores of filter paper with micrometer radii and 

that’s why paper behaves as a capillary device because these cylindrical pores helps to exhibit 

capillary phenomenon. 

 

 

 

 

 

 

 

 

 

 

 

 

Above figure represents whatman filter paper and it comes in different grades and possess 

different properties and are used in our case as filter paper for single layered and multilayered 

device. 

As a substrate material for microfluidic assays, paper has been ignored until 2007, but after that 

Martinez et al. [6] reported the first microfluidic paper based analytical device (µPADs) for 

chemical analysis. The differentiative aspect of this work is that, hydrophobic (photoresist) 

patterning reagent is used to outline hydrophilic flow channels for giving direction to sample to 

move from an inlet to a defined location for multiple different analysis. Conventionally paper is 

defined as a flexible sheet made from an interlaced network of pressed cellulose fibers, but in the 

perspective of paper based microfluidics, it is defined as any porous membrane that wicks fluids 

by capillary action. 

For making (Point of Care) POC diagnostic devices, paper has several unique advantages. It is 

inexpensive, abundant, and well-suited with a wide range of printing and processing techniques. 

Figure 1.4: Whatman filter paper available with different 

grades [56] 
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It can easily be laminated, transported and stored, and an entire industry already exists for large 

scale production of paper products, which could be given another dimension to produce paper 

based devices. Paper can be manufactured with different thicknesses and porosities. High 

densities of organic functional groups are presents on its surface area, which can be manipulated 

chemically to covalently or non-covalently bind reagents or analytes. It has a large surface to 

volume ratio, so advantage taken from this is as reagents and samples can be dried and stored on 

paper for later analysis, and this can be done using high speed printing techniques. It is best 

suited for colorimetric tests because of its inherited white background. It has different filtration 

and chromatographic properties, and can be used to separate analytes from complex samples 

such as blood and urine. Last but not least it wicks fluids by capillary action, so a paper based 

device can move fluids and perform an assay without any pumps or external sources of power. It 

is mostly described using the Lucas Washburn equation, which states that the length of flow is 

proportional to the square root of time. In the past most commonly used POC diagnostic 

technologies were dipstick assays and lateral flow assays (LFAs), however later µPADs build off 

dipstick and LFA technology and aimed to overcome the limitations of these two diagnostic 

platforms by enabling quantitative, sensitive, specific and multiplexed assays that are 

inexpensive and easy to use. Two steps were involved in fabrication of paper based µPADs: i) 

patterning paper, and ii) customizing the devices for their proposed applications, including 

applying reagents to the devices for assays. Steps before implementing patterning techniques 

includes computer generated design of the device. The design of the device will be determined 

by keeping in view its intended application and its patterning method. Any CAD software can be 

used to design a device (e.g., AutoCAD, Clewin, CorelDRAW, Illustrator, etc.). A free 

application was also developed specifically for designing µPADs called AutoPAD. The principle 

objective behind every technique for patterning paper is to create well defined patterns of 

hydrophobic barriers on a piece of paper to define hydrophilic channels and zones. Many 

different techniques for patterning paper have been developed including wax printing, 

photolithography, etching, cutting embossing, and inkjet printing. These techniques can be 

categorized into two types: i) physical patterning of paper by cutting, and ii) chemical patterning 

of paper with hydrophobic inks to create hydrophobic barriers. Each fabrication technique offers 

different advantages and disadvantages in terms of resolution of the patterns, fabrication time, 

chemical compatibility of the barriers, and requirements for equipment and reagents. Theoretical 
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aspects of transport in paper devices focused on elementary imbibition theory. Paper material 

choice is entirely dedicated on user application but can and will have significant and predictable 

impact on performance and fluidic transport consideration of substrate-analyte chemistry, 

wicking rate, material durability and fabrication methods. The most important characteristic of 

paper based microfluidic devices is their ability to wick fluids by capillary action; therefore, 

methods for controlling capillary wicking in paper based channels are essential to the field.  

Paper capillary wicking phenomenon has been studied and modeled extensively, and several 

different equations describing capillary wicking in paper have been published, with most 

involving some modifications of the Lucas Washburn equation. The simplest approach for 

controlling capillary wicking is by selecting the type of paper (pore size and porosity) and 

controlling the dimensions of the channels. Wicking can also be controlled by adding sugars to 

the paper based channels in high concentrations to slow capillary wicking. Enclosing paper based 

channels can influence capillary wicking by limiting evaporation. Stacking layers of paper, 

cutting a thin slit along the length of a paper based channel, or placing a plastic film on top of a 

paper based channel have also been shown to be useful mechanisms for increasing the rate of 

capillary wicking in paper based devices. Wicking based flow in capillary systems is considered 

laminar because fiber length scale and associated pores are typically less than 20 µm, resulting in 

low Reynolds numbers flow, hence classical flow dynamic behavior as long as effects of the 

fluid front can be ignored. Spontaneous imbibition in porous media with constant cross section, 

and with respect to short time scales, can be modeled by Darcy Law [18]: Q = 
KA

µL
∆𝑃 where ‘Q’ 

is the volumetric flow rate (
m3

s
), ‘K’ is paper permeability (m2), ‘A’ is the cross sectional area 

of the paper normal to flow (m2), ‘µ’ is the dynamic viscosity (
Ns

m
), and ‘∆P’ is the pressure 

drop (
N

m2) occurring over a length ‘L’ (m) in the channel along the axis of flow. Darcy’s Law 

assumes kinetic energy as negligible; the fiber cross section is circular, capillaries are straight 

and fluid properties remain constant. One dimensional fluid flow in porous networks during 

wetting can also be approximated (to the first order) by the Lucas Washburn equation assuming 

constant cross section/cylindrical pores, negligible gravitational effects, chemical homogeneity, 

and unlimited reservoir volume [79]: 



6 

 

                                                                              x(t) = √
𝑦𝑟𝑡𝑐𝑜𝑠𝜃

2µ
                                                              (1.1) 

Where fluid with (liquid-vapor) surface tension ‘y’ (
N

m
) and viscosity µ (

Ns

m
), imbibes a distance 

‘x’ in time ‘t’, ‘r’ is capillary radius and ‘θ’ is the contact angle between the fluid and capillary 

wall. Fluid penetration distance increases with increasing effective capillary radius. Washburn’s 

equation holds good for lateral flow as long as x<<z where ‘z’ is the height of fluid in a vertical 

column when the negative force of gravity is equal to the positive capillary force. The above 

equation is a first order approximation of fluid transport, and it tends to overestimate lateral 

wicking speed with fluid penetration distance. The variables which were not taken into account 

in above equation are the swelling that occurs in fibers during wetting, the increase in 

hydrodynamic resistance to flow during wetting, and that flow in paper networks is not straight 

(an assumption of the equation) but in actual it is not the case here. However these models were 

not specifically derived for fluid flow in paper, but they serve as a good approximation for 

describing simple systems, for example, single layer paper devices, simple geometries, 

horizontal orientation, and smaller gap heights.  

As µPADs grow and becomes increasingly complex, these above described models become less 

applicable, especially for in-field testing where experimental conditions are more difficult to 

control or less than ideal (humidity, temperature etc.). This scenario was particularly highlighted 

for hollow channel or multilayered µPADs where a large proportion of fluid flow occurs 

between paper layers or layers of paper and other materials.  Modeling the fluid dynamics for 

these hollow channel or multilayered µPAD systems is complicated by the multiple regions of 

flow, (i.e. in paper and gaps) as well as consideration of variables, such as gravity, which can 

normally be considered negligible in single layer µPAD designs, yet become critical when 

transporting larger volumes of fluids (hundreds of µL). Several studies have developed new 

models to address the limitations of above two equations toward complex µPAD designs. 

Martinez et al. derived a modified form of the Lucas Washburn equation to account for a 12 µm 

gap between two paper layers along with a consideration for humidity effects, which is given 

[17]. 

                                                              byl(t) = √
𝑦𝑟𝜑𝑡𝑐𝑜𝑠𝜃

4𝑞µ
(1 − 𝑒

−
2𝑞𝑡

𝜑𝑡 )                                                  (1.2) 
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Where ‘t’ is the paper thickness, ‘q’ is the volumetric evaporation flux (the volume of evaporated 

liquid per unit area of wet channel and time), and ‘r’ is the area averaged effective pore size 

given by [17]: 

                                                                                r = 
2𝑟′𝑡+2ℎ2

2𝑡+2ℎ
                                                                  (1.3) 

where ‘2h’ is the gap height between the paper layers. Note, in the case of zero or negligible 

evaporation, q=0 and above equation simplifies to become Lucas Washburn equation. This 

equation works well for small gap heights (2h<=12), but provides a poor fit for gap heights 

greater than this. Toley et al. [20] employed the Richards equation [10] to model imbibition in 

µPADs. In that model Toley et al. [20] describes the paper as a series of partially saturated 

parallel capillaries. This model provides useful insights on flow in porous membranes, but 

requires multiple experiments and computational modeling in order to solve the equation for a 

new system, making it challenging to use. Berli et al. [23] have extended Lucas Washburn 

equation for devices of varying cross sectional areas, which are becoming more commonplace in 

complex µPAD designs. Kim et al. [75] have investigated the effect of hydrophobic boundaries 

such as wax on flow rates, providing a modified form of Lucas Washburn equation based on 

contact angles of the paper wax boundary. In the present study, we seek to provide a detail 

investigation toward establishing critical variables to the fast flow origins and model this 

behavior in multilayered µPADs with a universal equation that would be easy to use and extend 

the range of channel heights beyond those previously achieved. 

Lucas Washburn equation and later its various modifications doesn’t explain the behavior of 

fluid flow through multilayered microPADs and it was explained in [73] that it is the sheer 

magnitude of Laplace pressure driving force in the gap between paper layers that is dragging the 

liquid in the paper layer and because of this Laplace pressure the flow in the region is dominated 

by the moving wall of the liquid at the gap boundary. Also this system behavior is not accurately 

predicted because of viscous dissipation effect within the paper layer that creates appreciable 

pressure lose. So the net pressure driving force in the Lucas Washburn equation [73] is:  

                                      ∆𝑃 = 𝑃𝑐 − 𝑃𝑣 =
𝑦

𝑟
𝑐𝑜𝑠𝜃 −

1

𝑄
∫ µ (

𝑑𝑢𝑥

𝑑𝑦
)

2

𝑣
𝑑𝑉                                             (1.4) 
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Where =
ℎ

𝑐𝑜𝑠𝜃
 , ‘Q’ is the volumetric flow rate, ‘ux’ is the liquid velocity component parallel to 

the channel boundaries in the paper layer, ‘y’ is the coordinate perpendicular to the boundaries, 

‘µ’ is the liquid viscosity, and the integral is over the volume of liquid in the paper. Since ‘ux’ is 

independent of ‘x’ at any time ‘t’ and the slope of the velocity profile is constant in the paper, the 

integral can be directly evaluated to obtain [73]: 

                                                       ∆𝑃 =
𝑦

𝑟
𝑐𝑜𝑠𝜃 − 𝑡µ (

𝑢

𝑡ℎ
)

2

                                                        (1.5) 

Where ‘𝑢 =
𝑑𝑙

𝑑𝑡
’ is the speed of the liquid front at any time ‘t’ and ‘th’ is the paper thickness. 

Also there is always a room to do more research and brings fruitful results in every aspect of life 

so in our case one can work in many aspects like:- 

 Theoretical modeling which accurately depicts behavior of fluid flow through 

multilayered (µPADs) considering all design parameters. 

 To improve shelf life of reagents/enzymes stored on µPADs. 

 To overcome Coffee Ring effect developed on paper material near hydrophobic 

boundary. 

 Build a model on COMSOL Multiphysics to numerically analyze multilayered (µPADs). 

 Perform multiple experiments using complex shaped Multilayered (µPADs) and observe 

behavior of all the design parameters involved in it. 

 Manufacture paper having isotropic properties. 
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2 : LITERATURE REVIEW 
 

Muller and Clegg (1949) patterned a filter paper with a paraffin barrier and observed that the 

confined channel sped up the sample diffusion process and reduced sample consumption. This 

research could be regarded as the basis of paper microfluidics [16]. Recent research in this area 

started in 2007 with the pioneering work of Martinez et al. (Andres W. Martinez S. T., 2007) on 

the development of µPADs. Martinez et al. [53], [82], [68], [31] have demonstrated that the 

processing of µPADs data can be done remotely because the colorimetric testing results could be 

scanned or photographed and transmitted electronically, which is particularly beneficial in 

environmental monitoring and analysis in remote areas by unskilled staff [4], [65], [8]. 

Evaluation of the analytical performance of µPADs [12] for the determination of reactive 

phosphate in soil solution showed that it was responsive over a wide concentration range, with 

excellent within and between device repeatability, and thus is suitable for the analysis of the 

range of soil and natural and marine waters. Previous studies have shown µPADs to be stable at 

room temperature for up to 24 h [12]. Whitesides and colleagues firstly used patterned paper to 

develop µPADs for bioanalytical applications [6], [7], [77], [91] with many advantages for 

satisfying the accessible and low cost requirements as follows: small volumes of reagents and 

samples, rapid analysis, portability, and easy to use and dispose of. In addition, the paper can be 

patterned into channels of hydrophilic surfaces separated by hydrophobic walls of photoresist 

[6], [7] polymer [19], wax [86], inks [44], and plasma treatment [84], etc. So it is clear that these 

µPADs are very attractive for point of care (POC) and on site diagnosis [21], [46], [81], [9]. 

Imbibition as type of capillary flow in porous media is a ubiquitous physical phenomenon, which 

has a wide range of applications from daily commodities, e.g., napkins and baby diapers, to 

advanced engineering applications, such as paper based chromatography [72], microfluidics for 

medical diagnosis [90], [74] energy harvesting devices [78], and oil recovery [64], [5]. The 

research on imbibition phenomena starts from the pioneer work by Lucas [47] and Washburn 

[79] who proposed an analytical model for capillary rise in tubes, known as Lucas Washburn 

equation. Motivated by limitations of the Lucas Washburn equation, a series of modification 

have been proposed, to consider the inertia [69], gravity [61], evaporation [61], and shape and 

tortuosity of the pore space (Jianchao Cai, 2014), [88]. These modified theoretical models 
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replenish the deviation between experimental results and predictions of the original Lucas 

Washburn equation, but the corresponding solutions are only available in one dimensional case. 

For higher dimensional cases, a few analytical solutions for homogeneous porous media of 

limited geometrical shapes are provided for radial penetration [58], [59] fan shape membrane 

[76], variable width paper strips [23], semi-infinite domain [39], and fractal porous media [87], 

[89]. Recently, the combined effects of geometry and evaporation and gravity are also 

investigated [60], [40]. Moreover, employing the nonlinear Richard’s equation, [10] developed a 

two dimensional imbibition model that is suitable for arbitrary geometries of homogeneous 

porous media, i.e., effective properties are spatially independent. Imbibition in heterogeneous 

porous media is encountered commonly across different scales. For example, at the macro-scale, 

layered soils are typical heterogeneous porous media, which are composed of several layers of 

sediments characterized by grain and pore sizes [3], [45]. However, earlier work on overall flow 

properties of heterogeneous porous media [22], [67], [37] focuses on effective permeability 

instead of detailed imbibition processes, e.g., the evolution of liquid front, whilst recent work are 

mostly limited to layered configuration [41], [85], [1], [26], [70], [55], [51], [52]. Reyssat [51] 

conducted a research on the imbibition process of layered granular media experimentally and 

theoretically. Fernando [26] carried out a series of numerical simulations on a three layer porous 

media and adopted a hyperbolic tangent function to treat the interfaces approximately. In 

addition, at microscale, Michael [57] simulated the multicomponent flow in heterogeneous 

porous media through modified lattice Boltzmann method. Thus, it is necessary to extend the 

continuum numerical framework to more complex domains, in particular, solving problems with 

the presence of interfaces among distinct types of porous media. The capillary imbibition in 

heterogeneous porous media is much more complex than that in homogeneous ones. A 

generalized model is needed for quantitative prediction of these complex behaviors. The main 

challenge in the modeling process is to track the moving wetting front (i.e., the boundary 

between wetting and non-wetting fluids). In order to be applicable in complex-shaped domains, 

here we develop a model based on the fact that the liquid content, θ, around the wetting front 

shows a gradual change rather than a sharp transition, the value of θ is between zero and the 

porosity φ [32]. Thus, the degree of saturation, S, which varies from 0 to 1, is used to describe 

the partially occupied state of wetting phase in the pore space and taken as primary unknown.  



11 

 

Some researchers have demonstrated the physics of flow through porous media. They modeled 

the flow behavior by a linear relation of pressure gradient versus flow velocity (Darcy regime) in 

cases where the flow is dominated by viscous effects. When the flow velocity becomes 

adequately large, they used a nonlinear relation to include the inertial effects. Some researchers 

attempt to use theoretical methods to correlate with experimental data. The two best known 

theoretical relations are the Forchheimer equation and Ergun or Ergun-type equations. Both are 

widely used as there is no specific reason for choosing one rather than the other. Early works by 

[28], [29] reported that the flow pressure characteristics of porous media can be represented by a 

dimensionless expression related to the square root of the permeability. Montellit [2] extended 

the applicability of an existing correlating equation to predict the pressure drop through packed 

beds of spheres. Antohe [15] proposed a more precise method based on curve fitting to calculate 

the permeability and inertia coefficients of porous matrices in terms of a Forchheimer flow 

model. Dukhan and Minjeur [33] found that the permeability for the Darcy regime differs from 

that for the Forchheimer regime. Liu [34] developed an Ergun-type empirical equation to 

correlate the dimensionless pressure drop with flow velocity for several types of foam matrix 

porous media. Dukhan and Patel [63] correlated the permeability and the form drag coefficient 

using an Ergun model with the reciprocal of the surface area density, which has a unit of  
𝑚3

𝑚2 , 

indicating that it is used as an equivalent length scale. Dietrich et al. [13] presented experimental 

data of pressure drop measurements of different ceramic sponges and determined the two 

constants of the Ergun equation, which are verified to be independent of the material and 

porosity. The Forchheimer and Ergun equations look very similar in that they both have a 

viscous term and an inertia term. The difference is that the Forchheimer equation uses an analogy 

with pipe flow while the Ergun equation models the space between packed beds of spheres as 

parallel capillaries. Existing studies proved that the Darcy-Forchheimer-based theory can be 

applied to both compressible and incompressible fluids. 

Moving mesh simulations were carried out to study the absorption of the fluid in the cellulosic 

fiber networks of paper substrate [76]. Studies were also performed to find out the permeability 

of air in cellulosic fibers and derived different empirical relations to find out the relative 

permeability [71]. From the experimental studies carried out by Chiou and Smith, it was found 

that the adsorption constant of material is different for different solutes and also it varies with the 
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grade of paper used for making the device [83]. A major problem faced in µPADs for sensing 

application is the distribution of reagent after the sampling [82]. It was observed that the 

immobilized reagents swept away by the sample solution and which leads to non-uniformity or 

reagent over the substrate. Hence it is difficult to locate the exact position of the substrate where 

the maximum concentration of reagent occurs.  

From portable sensor requirements perspectives, microfluidic devices are significantly appealing 

technologies to achieve the Lab-on-a-chip (LoC) based point of care applications [66], [42]. It is 

possible to perform multiple analyses on the microfluidic platform by just modifying its 

microchannel patterns. Micromixers have a pivotal point in enhancing the sensitivity of the 

microfluidic based sensors [35], [24], [62]. By stacking layers of patterned paper it is possible to 

create three dimensional (3D) vertical and lateral microfluidic systems thus significantly 

expanding the capabilities of µPADs. Different techniques can be used to assemble the 3D 

µPADs, which consist of either sticking individual layers of patterned paper together using 

adhesive tape or spray, or simply folding a single layer of patterned paper. The latter is known as 

origami method and has the advantage of eliminating possible contamination issues originated 

from the use of adhesives [24]. There are different types of paper employed in paper based 

sensors depending on the fabrication method and the application of the sensor. The most 

extensively used material is Whatman brand chromatography paper due to its superior wicking 

ability [9], [11], [14], [54]. This particular type of paper has medium retention rate and flow rate 

owing to its thickness (180 µm) and pore size (11 µm). Other types of paper such as the 

Whatman filter paper No. 4, was used due to its larger pore size of 20-25 µm and higher 

retention rate [50]. The use of origami (folding of paper) [49] and kirigami (cutting of paper) 

[14] techniques during the fabrication of microfluidic devices has given researchers new 

opportunities for fabricating their devices. The principles of origami were used to create a unique 

device in which two zones are separated by a crease [49]. One zone is the detection zone and the 

other is the enzyme immobilization zone. In this work, the researchers designed a paper based 

analytical device to electrochemically detect glucose using an origami-inspired device [80].  

 

  



13 

 

3 : METHODOLOGY 
 

In our methodology COMSOL Multiphysics Software has been adopted in order to perform 

numerical analysis of impact of various design parameters on single layered and multilayered 

microfluidic paper based analytical device (µPADs), and also for the third portion, MATLAB 

Software has been used to simulate ODEs with boundary and initial conditions obtained from 

Experimental work of Robert B. Channon research paper [73]. COMSOL Multiphysics Software 

is general purpose simulation software based on advanced numerical methods. It has fully 

coupled multiphysics and single physics modeling capabilities. It has complete modeling 

workflow, from geometry to post-processing. It has user-friendly tools for building and 

deploying simulation apps.  

The need for advanced porous media modeling spans many industries. The Porous Media Flow 

Module, was made for this: it lets you quantitatively investigate mass, momentum, and energy 

transport in porous media. Interest areas for this product include fuel cell processes, pulp and 

paper drying, the production of food, filtration, and many more.  

Simulating mass, momentum, and energy flow in porous media is common in a number of 

engineering fields, such as chemical, civil, and nuclear engineering. The Porous Media Flow 

Module provides a comprehensive set of physics interfaces to help engineers and scientists 

simulate different types of physical processes in porous media.  

MATLAB is a programming and numeric computing platform used by engineers and scientists 

to analyze data, develop algorithms, and create models. 

3.1 Multiphase Transport in Porous Media: 

The Porous Media Flow Module includes tools that can be used to simulate multiphase flow in 

porous media with two or any number of moving phases. We can specify porous media 

properties such as relative permeability’s and capillary pressures between phases to model 

wicking, moisture transport, or other transport phenomena in porous media.  
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3.1.1 Darcy’s Law interface: 

The Darcy’s Law interface, found under the Porous Media and Subsurface Flow branch when 

adding a physics interface, is used to simulate fluid flow through interstices in a porous medium. 

It can be used to model low-velocity flows or media where the permeability and porosity are 

very small, and for which the pressure gradient is the major driving force and the flow is mostly 

influenced by the frictional resistance within the pores [43]. 

                                                          𝑢𝑖 = −
𝐾𝑟𝑖

µ𝑖
𝐾(𝛻𝑝𝑖 − 𝜌𝑖𝑔)                                                        (3.1) 

3.1.2 Governing Equations of Phase Transport in Porous Media: 

The Phase Transport and Phase Transport in Porous Media interfaces are intended for studying 

the transport of multiple immiscible fluid, gas or (dispersed) solid phases either in free flow or 

flow through a porous medium. The interfaces solve for the averaged volume fractions (also 

called saturations in a porous medium) of the phases, and does not track the interfaces between 

the different phases. Both interfaces are based on the macroscopic mass conservation equations 

of each phase. In a porous medium the effects of the microscopic (or pore scale) interfaces 

between the phases can be taken into account via the capillary pressure functions.  

In the porous domain, the mass conservation equation for each phase is given by [36]: 

                                                          
𝜕

𝜕𝑡
𝐸𝑝𝜌𝑖𝑠𝑖 + 𝛻. (𝜌𝑖𝑢𝑖) = 𝑄𝑖                                                     (3.2) 

Here ‘Ep’(dimensionless) is the porosity, and the vector ui should now be interpreted as the 

volumetric flux of phase i (SI unit m3/(m2.s) or m/s). The volumetric fluxes are determined using 

the extended Darcy’s Law [84]. 

                                                          𝑢𝑖 = −
𝐾𝑟𝑖

µ𝑖
𝐾(𝛻𝑝𝑖 − 𝜌𝑖𝑔)                                                        (3.3) 

Where ‘K’ denotes the permeability (SI unit: m2) of the porous medium, ‘g’ is the gravitational 

acceleration vector (SI unit: m/s2), ‘µi’ the dynamic viscosity (SI unit: kg/(m.s)), pi the pressure 

field (SI Unit: Pa), and ‘Kri’ the relative permeability (dimensionless) of phase i, respectively. 
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One phase pressure can be chosen independently, which in the Phase transport in porous media 

interface is chosen to be the phase pressure, ‘𝑝𝑖𝑐
’, of the phase computed from the volume 

constraint, and the other phase pressures are defined by the following ‘N-1’ capillary pressure 

relations [30]: 

                                   𝑝𝑖 = 𝑝𝑖𝑐
+ 𝑝𝑐𝑖

(𝑠1, … … 𝑠𝑁)                               𝑓𝑜𝑟 𝑖 ≠ 𝑖𝑐                                  (3.4) 

Substituting (3.2) into (3.1) and using the volume constraint ∑ 𝑠𝑖 = 1𝑁
𝑖=1  we arrive at the 

following N-1 equations for the phase volume fractions si, (i≠ic) that are solved in the Phase 

transport in porous media interface: 

                                       
𝜕

𝜕𝑡
𝐸𝑝𝜌𝑖𝑠𝑖 − 𝛻. (𝜌𝑖𝐾𝑟𝑖(𝛻(𝑝𝑖𝑐

+ 𝑝𝑐𝑖
) − 𝜌𝑖 𝑔)) = 𝑄𝑖                                       (3.5) 

The remaining volume fraction is computed from [30]: 

                                                           𝑠𝑖𝑐
= 1 − (∑ 𝑠𝑖

𝑁
𝑖=1,𝑖≠𝑖𝑐

)                                                         (3.6) 

3.2 Governing Equations of Free and Porous Media Flow Interface: 

The Free and porous media flow interface uses the Navier–Stokes equations to describe the flow 

in open regions, and the Brinkman equations to describe the flow in porous regions. 

Flow in the free channel is described by the time dependent, incompressible Navier-Stokes 

equations [48]: 

                                          𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌(𝑢. 𝛻)𝑢 = 𝛻. [−𝑝𝐼 + 𝐾] + 𝐹                                                 (3.7) 

                                                                𝜌𝛻. (𝑢) = 0                                                                        (3.8) 

                                                                  𝐾 =  µ(𝛻𝑢 + (𝛻𝑢)𝑇)                                                             (3.9) 

                                     𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌(𝑢. 𝛻)𝑢 = 𝛻. [−𝑝𝐼 + µ(𝛻𝑢 + (𝛻𝑢)𝑇)] + 𝐹                                   (3.10) 

Where ‘µ’ denotes the dynamic viscosity (Pa.s), ‘u’ refers to the velocity in the open channel 

(m/s), ‘𝜌’ is the fluid’s density (kg/m3), and ‘p’ is the pressure (Pa). In the porous domain, the 

Brinkman equations describe the flow: 
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The dependent variables in the Brinkman equations are the Darcy velocity and the pressure. The 

flow in porous media is governed by a combination of the continuity equation and the 

momentum equation, which together form the Brinkman equations [36]: 

                                                           
𝜕

𝜕𝑡
(𝐸𝑝𝜌) + 𝛻. (𝜌𝑢) = 𝑄𝑚                                                   (3.11) 

 
𝜌

𝐸𝑝
(

𝜕𝑢

𝜕𝑡
+

(𝑢.𝛻)𝑢

𝐸𝑝
) = −𝛻𝑝 + 𝛻. [

1

𝐸𝑝
{µ(𝛻𝑢 + (𝛻𝑢)𝑇) −

2

3
µ(𝛻. 𝑢)𝐼}] − (𝐾−1µ +

𝑄𝑚

𝐸𝑝
2 ) 𝑢 + 𝐹    (3.12) 

It is the sheer magnitude of the Laplace pressure driving force in the gap between the paper 

layers that the flow in the gap is dragging the liquid in the paper layer and the flow in that region 

is dominated by the “moving wall” of the liquid at the gap boundary. If the capillary pressure 

driving force in the gap is denoted as ‘Pc’ and the pressure loss due to viscous dissipation is ‘Pv’, 

then the net pressure driving force in the Lucas-Washburn formulation [73] is: 

                                           ∆𝑃 = 𝑃𝑐 − 𝑃𝑣 =
𝑦

𝑟
𝑐𝑜𝑠𝜃 −

1

𝑄
∫ µ (

𝑑𝑢𝑥

𝑑𝑦
)

2

𝑣
𝑑𝑉                                  (3.13) 

Where ‘𝑟 =
ℎ

𝑐𝑜𝑠𝜃
’, ‘Q’ is the volumetric flow rate, ‘u’ is the liquid velocity component parallel to 

the channel boundaries in the paper layer, ‘y’ is the coordinate perpendicular to the boundaries, 

‘µ’ is the liquid viscosity, and the integral is over the volume of liquid in the paper. Since ‘ux’ is 

independent of ‘x’ at any time and the slope of the velocity profile is constant in the paper, the 

integral can be directly evaluated to obtain [73]: 

                                                             ∆𝑃 =
𝑦

𝑟
𝑐𝑜𝑠𝜃 − 𝑡µ (

𝑢

𝑡ℎ
)

2

                                                   (3.14) 

Free and Porous Media interface has been used for numerical analysis of multilayered 

microfluidic paper based analytical device. 

Parameters involved in both single and multilayered µPADs are listed below but with every 

different Whatman filter paper porosity, permeability and pore radius value changes: 
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Figure 3.1: Parameters used for single and 

multilayered µPADs numerical analysis 

Figure 0.1: Mesh of single layered µPADs 
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4 : RESULTS AND DISCUSSION 
 

While using “Multiphase Flow in Porous Media” interface for single layer µPADs using 

COMSOL Multiphysics software, below are the results: 

Parameters which have been selected for Whatman filter paper grade 1 are mentioned below: 

4.1 Whatman filter paper grade 1: 
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Figure 4.1: Parameters used for numerical 

analysis of single layered Whatman filter paper 

grade 1 

Figure 4.2:Volume fraction plot of Whatman 

filter paper grade 1 
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Volume fraction plot depicts volume of fluid taken by paper during wicking with respect to time. 

Interface develops between both phases (air and water) and its value is 1 for one phase and 0 for 

other phase and in between value is used where interference of both phases occurred. 

Surface pressure plot gives us how capillary pressure value at different points causes the fluid to 

lift upward against gravity.  

Figure 4.3: Surface pressure, streamline Darcy’s 

velocity field 

 

Figure 4.4: Water saturation in 3D 
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It takes 1050s for the fluid to reach at maximum height of 0.12 m. 

4.2 Whatman filter paper grade 3: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It takes 570s for the fluid to reach at maximum height of 0.12 m 

 

Figure 4.6: Parameters used for numerical 

analysis of single layered Whatman filter paper 

grade 3 

Figure 4.5: Volume fraction plot of Whatman 

filter paper grade 3 
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4.3 Whatman Filter Paper Grade 4: 

 

 

 

 

Figure 4.8: Parameters used for numerical 

analysis of single layered Whatman filter paper 

grade 4 

Figure 4.7: Volume fraction plot of whatman 

filter paper grade 4 
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It takes 90s for the fluid to reach at maximum height of 0.12 m. 

4.4 Whatman filter paper grade 5: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It takes 1730s for the fluid to reach at maximum height of 0.12 m. Whatman filter paper grade 4 

allows fluid to takes less time to reach certain height because of its high permeability value. 

Figure 4.10: Parameters used for numerical analysis 

of single layered Whatman filter paper grade 5 

 

Figure 4.9: Volume fraction plot of Whatman 

filter paper grade 5 
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Above graph shows that velocity of fluid through porous media has no effect due to change in 

porosity value or we can say that it doesn’t depend on it, however it does depends on pore radius 

and it has direct relation with it means by increasing pore radius velocity magnitude becomes 

enhanced in start and remain heighten throughout its penetration in paper layer as compared to 

paper layer with small pore radius. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: Velocity VS Time graph for two different 

pore radius and at different porosity value from 0 to 0.9 

 

Figure 4.12: Velocity VS Time graph for seven different 

pore radius and at constant porosity value of 0.5 
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Above graph shows that velocity of fluid through porous medium has direct relation with Pore 

radius as we can see that with increase in pore radius, velocity enhancement has been seen in its 

journey. 

Now using “Free and Porous Media Domain” model for multilayered microPADs. 

Whatman filter paper grade 4 properties has been used with initial and boundary conditions as 

mentioned below: 

 Inlet velocity of fluid = 0.01 m/s 

 Outlet pressure = 101325 Pa or 0 Pa 

 Initial value in fluid domain = 101325 Pa or 0 Pa 

 Initial value in porous domain = Capillary pressure 

 Paper strip thickness = 210 um 

 Fluid passage height = 312 um 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Surface plot of Velocity magnitude 
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4.5 Solving ODEs obtained from Experiments performed on Multilayered µPADs using 

MATLAB Software: 

In addition to analyzing the effect of four different parameters on the velocity profile e.g. 

capillary angle, dynamic viscosity, surface tension, paper thickness etc. the impact of gap heights 

was also examined. In addition, the validation results are also presented. 

The results are as follows: 

4.5.1 Validation results: 
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Figure 4.14: Whatman filter paper grade 4 properties 

used for numerical analysis of multilayered µPADs 

 

Figure 4.15: Comparison of Experimental and Simulation results for gap height of 234 µm 
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As can be seen from above figures, the simulation results/ODEs are in good agreement with the 

experimental data which is taken from Robert B. Channon et al. [73]. 
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Figure 4.16: Comparison of Experimental and Simulation results for gap height of 312 µm 

 

Figure 4.17: Comparison of Experimental and Simulation results for gap height of 312 µm 

 

Figure 4.18: Comparison of Experimental and Simulation results for gap height of 390 µm 
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4.5.2 Effect of interfacial tension: 

Below graphs illustrates how interfacial tension affects velocity profiles at three different gap 

heights. 
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Figure 4.19: Velocity VS Time for 312 µm gap height with 03 different interfacial 

tension values 

 

Figure 4.20: Velocity VS Time for 234 µm gap height with 03 different interfacial 

tension values 
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Velocity of fluid is found to be directly proportional to interfacial tension because it helps fluid 

to hold the surface intact. Hence increase in surface tension causes increase in velocity of fluid. 

4.5.3 Effect of fluid dynamic viscosity: 
The effect of fluid dynamic viscosity on velocity profile is presented in below figures. 
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Figure 4.21: Velocity VS Time for 390 µm gap height with 03 different interfacial tension 

values 

 

Figure 4.22: Velocity VS Time for 234 µm gap height with 03 different dynamic viscosity 

values 
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Dynamic viscosity plays a negative role in terms of change in velocity because it creates 

hindrance to fluid flow so increase in viscosity causes decrease in velocity. 

0

0.01

0.02

0.03

0.04

0.05

0.06

0 2 4 6 8 10 12 14

V
el

o
ci

ty
 (

m
/s

)

Time (s)

Effect of Fluid Dynamic Viscosity

-50% Actual 50%

2h=312 μm

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 1 2 3 4 5 6

V
el

o
ci

ty
 (

m
/s

)

Time (s)

Effect of Fluid Dynamic Viscosity

-50% Actual 50%

2h=390 μm

Figure 4.23: Velocity VS Time for 312 µm gap height with 03 different dynamic viscosity 

values 

 

Figure 4.24: Velocity VS Time for 390 µm gap height with 03 different dynamic viscosity 

values 
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4.5.4 Effect of paper thickness: 

As shown in below figures, changes in paper thickness affected the velocity profile. 
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Figure 4.25: Velocity VS Time for 234 µm gap height with 03 different paper thickness 

values 

 

Figure 4.26: Velocity VS Time for 390 µm gap height with 03 different paper thickness 

values 
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Paper thickness plays a positive role in terms of increase in velocity because paper thickness 

effects pore radius and permeability value which we have found in case of single layer µPADs, 

that they are directly proportional to increase in velocity.  

4.5.5 Effect of fluid contact angle on paper: 

Below figures shows the effect of the fluid contact angle on the velocity profile. 
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Figure 4.27: Velocity VS Time for 312 µm gap height with 03 different paper thickness 

values 

 

Figure 4.28: Velocity VS Time for 234 µm gap height with 03 different fluid contact angles 

on the paper 
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Figure 4.29: Velocity VS Time for 312 µm gap height with 03 different fluid contact angles 

on the paper 

 

Figure 4.30: Velocity VS Time for 390 µm gap height with 03 different fluid contact angles 

on the paper 
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Fluid contact angle is found to be inversely proportional to velocity of fluid however according 

to Lucas Washburn equation [47,79] it is found directly proportional to penetration length but in 

this case it the angle of fluid in paper made with hydrophobic boundary which causes the fluid to 

behave inversely in relation to fluid velocity. 

4.5.6 Effect of gap height: 

Below figure shows the effect of different gap heights on velocity profile. 

 

 
It is the sheer magnitude of the Laplace pressure driving force in the gap between the paper 

layers that the flow in the gap is dragging the liquid in the paper layer and the flow in that region 

is dominated by the “moving wall” of the liquid at the gap boundary.  
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Figure 4.31: Velocity VS Time for 10 different gap heights 
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5 : CONCLUSION AND FUTURE RECOMMENDATIONS 
 

It is concluded that in case of single and multilayered µPADs, Whatman filter paper grade 4 is 

recommended because in this grade of paper material, fluid has taken minimum time to reach 

maximum height of 0.12m and fluid velocity through this grade is found to be 1.3 mm/s which is 

92% enhanced as compared to filter paper grade 1, 83.85% enhanced as compared to filter paper 

grade 3, and 94.6% enhanced as compared to filter paper grade 5.  

Pore radius is found to be directly proportional with the velocity of fluid; however porosity 

doesn’t affect velocity value in case of single layered µPADs.  

Optimum value of paper width is found to be 0.02m and it gives us maximum velocity 

enhancement and beyond that there is no considerable variation found in velocity.  

Permeability, interfacial surface tension, paper thicknesses are found to be directly proportional 

to the velocity of fluid in case of numerical analysis on multilayered µPADs.  

Fluid contact angle on paper and fluid dynamic viscosity are found to be inversely proportional 

to velocity of fluid. In multilayered µPADs, maximum gap height that is beneficial for fluid 

enhancement is 400 µm and beyond that there is no considerable effect on fluid velocity with the 

increase in gap height.  

Based on these findings one can manufacture filter paper with certain desired properties to get 

desirable results in terms of velocity of fluid and can fabricate multilayered µPADs while 

considering gap height parameter. 

Future recommendation includes: 

 Theoretical modeling which accurately depicts behavior of fluid flow through 

multilayered (µPADs) considering all design parameters. 

 To improve shelf life of reagents/enzymes stored on µPADs. 

 To overcome Coffee Ring effect developed on paper material near hydrophobic 

boundary. 

 Build a model on COMSOL Multiphysics to numerically analyze multilayered (µPADs). 
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 Perform multiple experiments using complex shaped Multilayered (µPADs) and observe 

behavior of all the design parameters involved in it. 

 Make homogeneous paper material having isotropic properties. 
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