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Abstract 

Paper has a porous structure, and fluid imbibition in a paper channel is possible passively through the hydrophilic 

surfaces by capillary action, so it can be an appropriate substrate in the field of microfluidics. To realize the fluid 

behavior in a paper-based microchannel, there is a need to obtain a model for fluid flow. In this study, the capillary-

driven flow in a porous structure was simulated, and the effect of geometrical and physical parameters on the wetted 

length and average fluid pressure was investigated. Geometric parameters are pores’ shape and size, channel 

dimensions, and porosity,  while the investigated physical parameters were the contact angle, surface tension 

coefficient, and viscosity. According to the results, geometric parameters influenced the capillary pressure through 

the capillary surface and channel resistance variation, and physical parameters directly impacted the capillary pressure. 

Considering the wetted length results, the fluid imbibition velocity was fast at the beginning of the simulation and 

reached a constant value over time due to the increase in the flow resistance. The pressure drop was observed in the 

liquid phase suggesting the fluid flow from the higher pressure to lower. The wetted-length equation was obtained 

based on geometrical and physical parameters. Finally, the proposed equation can be used to design and predict the 

liquid imbibition in porous channels. 
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1. Introduction 

1.1. Theory  

Controlling the fluid flow is essential both in passive and active microfluidic systems. Flows arising from the 

capillarity are influenced by the chemical and physical properties of the fluid phase’s interface and geometric features 

of the channel [1, 2].  Recently, the paper material has attracted the attention of researchers as the substrate in the field 

of microfluidics and is used for environmental monitoring, clinical and health diagnosis, and food quality control [3, 

4]. Paper is produced by compressing cellulose fibers and has a porous structure [5, 6]. Filter paper with a randomized 

arrangement of fibers is one of the standard papers for diagnostic application [7, 8]. Paper has various advantages such 

as the low cost, producible in different scales and sizes, removal of the bubble-associated problems, and the most 

crucial feature, fluid wicking passively through the capillary action [3, 6, 8, 9]. 

According to World Health Organization (WHO) instruction for the fabrication of microfluidic paper-based analytical 

device (µPAD), an appropriate µPAD for diagnosis application should be ASSURED (which stands for affordability, 

sensitivity, specificity and selectivity, being user-friendly, rapid and robust, equipment-free, and deliverable to the 

end-users). Thus, for the fabrication of an ASSURED diagnostic µPAD, mathematical modeling is required to predict 

the fluid flow [5, 10]. The paper structure in microscale is complex because it has a randomized porous structure, and 

the fluid flow can occur by capillarity. Based on Washburn's equation for capillary flow and Darcy's law for a porous 

structure, mathematical modeling was utilized to predict fluid imbibition in a paper-based channel [5]. Therefore, both 

Washburn and Darcy's modeling should be used to predict fluid flow in a paper-based channel.

In various studies, the fluid flow in porous media was investigated through numerical and experimental methods. 

Ashari numerically solved nonlinear equations for fluid flow in porous media utilizing Darcy's law by considering 

saturation [11]. Another study investigated the fluid flow in porous media for moving and stationary walls [12]. Lagree 

solved the equations for porous media with the finite volume method (FVM) modeling [13]. Cai et al. solved mass 

equations using  FVM [14]. In another study, the capillary-driven flow was investigated for a rectangular channel by 

assuming the transient velocity (instead of the developed flow assumption) for the capillary action in a rectangular 

microchannel [15, 16]. In another sudy, the equation was solved in a microchannel by assuming the slip condition on 

one of the walls [17]. 

The effect of inertia in Navier-Stokes equations in a capillary-driven flow was considered in other studies [18, 19]. 

Songok et al. obtained a time-dependent power-law equation for the wetted length, experimentally [3]. Elizalde et al. 

proposed a model for inconstant cross-sections based on Washburn's equation [8]. In addition, Liu et al. proposed 

equations by considering the effect of evaporation numerically and experimentally [9]. In another study, the effect of 

contact angle (CA) was investigated [20]. Schaumburg and Berli solved Washburn's equation for a multilayer paper-

based device [21]. The summary of the recent studies is presented in Error! Reference source not found.. 

This study aimed to simulate the fluid flow arising from the capillary action in a porous channel. To this end, the effect 

of geometric and physical parameters on capillarity and fluid flow was investigated. Geometric parameters involved 
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both channel dimensions and pore dimensions, whereas the physical parameters were fluid physical properties such 

as viscosity, surface tension coefficient (STC), and CA. 

1.1.1. Washburn's model for fluid imbibition through the capillary action  

The passive fluid flow mechanism in the paper is due to the capillary force within the fluid and paper fibers and is 

known as capillary flow [5]. Thus, the fluid wicks through the paper by the capillary action with no need for external 

pumps [20]. The interaction of the paper and fluid develops the two types of cohesive and adhesive forces in opposite 

directions. When the paper and fluid are in contact, the interaction between fluid molecules is cohesive force, while 

the interaction between fluid and substrate molecules is called adhesive force [11, 13, 20]. 

The adhesive force causes spreading of fluid through the paper, whereas the cohesive force (i.e., surface tension) 

minimizes the surface area of the fluid. Therefore, the fluid flow occurs when the adhesive force overcomes the 

cohesive force [20]. In other words, the force difference between two sides of the meniscus (the developed interfacial 

curvature in the wicking fluid, Fig. S1) creates a pressure gradient leading to the fluid flow [5, 11]. This pressure drop 

is called the capillary or Laplace pressure and is obtained through the Young-Laplace equation:  

𝑃 = −𝜎 %1 𝑅() + 1 𝑅+) ,												(1) 
𝑅( and 𝑅+ are the maximum and minimum radius of curvature in different phases, and 𝜎 is the STC of the fluid at a 

specific temperature. For a circular microchannel with a radius of 𝑅0, the capillary pressure is obtained through the 

following equation [12, 20]: 

𝑃 = −2𝜎𝑐𝑜𝑠𝜃 𝑅0⁄ 																			(2) 
𝜃 (contact angle) is the angle between the meniscus and the wall. It is the wettability characteristic of the solid wall.[11] 

When 𝜃 < 90°, the surface is wettable, and the curvature is of a concave shape. In contrast, when 𝜃 > 90°, the surface 

is non-wettable with the fluid, and the curvature is of a convex shape.  

Since most of the microchannels are rectangular, to estimate the 𝑅0, the hydraulic radius is defined as the follows [11, 

18, 19, 22, 23]: 

𝑃 = −	2𝜎𝑐𝑜𝑠𝜃 𝑅=⁄ 																		(3) 
By replacing 𝑅= = ?

@ = A=
+(AB=) (𝑤 and ℎ are the width and height of the rectangular microchannel, respectively):  

𝑃 = −4𝑐𝑜𝑠𝜃F1 𝑤) + 1 ℎ) G										(4) 
According to the Navier-Stokes equations (conservation of mass and momentum equations): 

∇. �⃗� = 0											(5) 
−𝛻𝑃 + 𝜇𝛻+�⃗� + 𝜌�⃗� = 𝜌%𝜕𝑣 𝜕𝑡) + (𝑣. 𝛻)𝑣,										(6) 

Where 𝛻P is the pressure gradient representing the capillary pressure, µ𝛻+vW⃗  represents the viscous forces, ρgW⃗  represents 

the gravity forces, and the right-side term is inertia. Washburn's assumptions are as follows [5, 13, 24]: 

1. The flow is continuous, steady, fully developed, and along the length of the channel. 
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2. The Reynolds number, which is the relation of inertia to the viscosity, is low; therefore, the flow is laminar 

(𝑅𝑒 = 𝜌𝑣𝐷= 𝜇⁄ ). 

3. The cross-section of the channel is constant. 

4. The fluid is Newtonian (𝜇 = 𝑐𝑜𝑛𝑠𝑡. ), and the flow is incompressible (𝜌 = 𝑐𝑜𝑛𝑠𝑡. ). 
5. The dimensionless capillary number is low; thus, the 𝐶𝑎 is constant (𝐶𝑎 = 𝜇𝑉 𝜎⁄ ≪ 1). 
6. There is a no-slip condition on the walls. 

7. The pressure gradient is linear and is related to time. 

8. The dimensionless Bond number is low so that the gravity can be neglected compared to surface tension 

(𝐵𝑜 = 𝜌𝑔𝐷=+ 𝜎⁄ ). 
9. The swelling effect of the paper fibers is not considered. 

Based on the above assumptions, the effect of inertia and gravity is neglected, and Washburn's equation is achieved 

as below: 

𝑥 = c𝜎𝑐𝑜𝑠𝜃 2𝜇) 𝑅0𝑡													(7) 
Where 𝑥 is the wetted length (the length that the fluid was wicked), 𝜎, 𝜃, and 𝜇 are the wicking fluid STC, CA, and 

viscosity, respectively. 𝑅0 is the capillary radius (which equals the hydraulic radius of the microchannel), and 𝑡 is the 

imbibition time of the fluid through the microchannel [18–20, 25]. 

1.1.2. Darcy's law for fluid flow in a porous structure 

Henry Darcy, in 1856 found a linear relationship between the fluid flow and pressure gradient in a porous medium 

through his experiments (𝑄 = 𝑘𝐴 𝜇) ∆𝑃 𝐿) ).[16, 19] Considering 𝑣 = 𝑄 𝐴)  and ∇𝑃 = ∆𝑃 𝐿) , we have the equation as 

below: 

𝑣 = −𝑘 𝜇∇𝑃) 													(8) 
Where 𝑘 is the permeability of the porous media and means how easily liquid can pass through the substrate. 

Permeability is an important characterstic for a porous structure and represents the possibility of fluid transition from 

the structural pores [11, 13, 20]. v, 𝜇, and ∇𝑃 are the average fluid velocity, fluid viscosity, and pressure gradient, 

respectively.  

Regarding Darcy's equation, the dimension of permeability is [𝑚+]. Permeability can be calculated experimentally. It 

has various relations according to the conditions of the experiments performed by different researchers [8, 9, 14, 20]. 

Although many researchers have investigated permeability, there is no specific equation or model for the paper 

substrate [5]. Therefore, achieving a relationship for permeability was another aim of the present study. Considering 

the assumptions for Darcy's law, the wetted-length equation is as below [8, 11, 13, 24, 25]:  

𝑥+ = −2𝑘 𝜇) ∆𝑃0𝑡																(9) 
The negative sign represents that the direction of the flow is from the higher pressure to the lower one. Darcy's 

assumptions are as follows [5]: 
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1. The flow in the porous medium is continuous, developed, and laminar. 

2. Fluid velocity has linear behavior with the pressure gradient. 

3. The fluid has a constant viscosity and CA, and the fluid is incompressible. 

4. The pressure gradient is linear in the x-direction and is constant over time. 

5. The effect of hydrostatic and atmospheric pressures is neglected compared to the surface tension effect.  

1.1.3. Equations in the present study 

Songok et al. found that there is a power-law relation between the wetted length and time in a paper substrate (𝑥 =
𝑎𝑡n) [3]. Considering this relationship and assuming paper as a porous structure made of bundles of capillary fibers 

and investigating various simulation parameters, a modified equation can be obtained, as explained in Section  

Fig. 13 a) Negative  correlation of fluid imbibition and fluid viscosity b) More pressure drop by increasing viscosity 

3.4. Proposing and evaluating a modified Washburn’s equation 

This study investigated fluid flow by capillary action in the paper substrate with orderly (non-random) pores. The 

effect of geometrical and physical parameters on the wetted length and average pressure was evaluated, and the 

consistency of the present and a recent study [21] was verified by comparing wetted-length results, Section Fig. 2 

The wetted length diagrams in different element sizes 

 

3.2. Verification and validation of the simulation model.  

According to the simulations, variation in physical parameters such as STC increase, CA decrease, and viscosity 

decrease leads to increasing pressure gradient and fluid imbibition. Therefore, the effect of physical parameters on the 

capillary pressure was verified as expressed in Washburn's model. Considering different simulations, the wetted length 

in the present study can be proposed as below: 

𝑥 ∝ 1 𝑅=) 	p𝑊𝐻𝜎𝐿𝜀𝑐𝑜𝑠𝜃 𝜇⁄ 											(10) 
Where 𝑅= is the pore hydraulic radius, 𝑊, 𝐻, and 𝐿 are the channel dimensions (width, height, and length, 

respectively), 𝜀 is the porosity fraction, 𝜎 is the STC, 𝜃 is the fluid CA on the surface, and 𝜇 is the fluid viscosity.   

Considering a constant value, the modified Washburn’s equation is as follows: 

𝑥 = 	𝛼 𝑅=) c𝑊𝐻𝐿𝜀𝑐𝑜𝑠𝜃 𝜇) 									(11) 
Where 𝛼 is a constant value and can be calculated through experimental methods [14] and 𝛼 = 1.2 for the present 

study. By comparing Eq.	11 with Darcy's equation (Eq.	9), the permeability is as below: 

𝑘 = −𝑊𝐻𝐿𝜀 128𝛼𝑅=⁄         (12) 

Fig. 14 shows the consistency of results obtained from modified Washburn’s equation, simulation and Schaumburg 

and Berli's study. 

Fig. 14 Consistency of the modified Washburn’s equation with this simulation and a recent study 
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4. Conclusion. 

2. Materials and methods 

2.1. Software and solution simulation  

The volume of fluid (VOF) multiphase modeling in ANSYS fluent v19.1 was utilized for the numerical simulation. 

The VOF multiphase modeling can trace and analyze the interface of two or more immiscible fluids. In this model, 

the volume fraction of each fluid is traced. Investigating the fluid flow in the liquid and air interfaces was the reason 

for this modeling in the present study. Curve Expert Professional 1.6.5 (Hyams Development) was also utilized to 

predict the wetted length vs. time equation. 

2.2. Geometry of the porous structure 

Geometry was designed in AutoCAD 2019 (Autodesk, United States). The paper was assumed to have orderly or non-

random pores; therefore, the pores were cubic, and the cubes were interconnected in the flow direction through a 

quarter of one face. As can be observed from Fig. 1a, the fluid flow is parallel to the direction of pores. The dimension 

of each pore was 10 µm according to field emission scanning electron microscopy (FESEM) images (Fig. S2), and 

the channel had the length, width, and thickness of 500, 1000, and 100 µm, respectively. The porous structure had a 

porosity of 0.25. These dimensions were utilized only for validation. Due to heavy computations, a smaller length of 

the channel (100 µm) was assumed for further analysis (Table S2). 

2.3. Initial and boundary conditions 

The initial wetted length was assumed to be 5 µm, and no-slip condition was considered for all walls. The CA between 

the surface of the pores and fluid was lower than 90º (Fig. S3); therefore, fluid could pass from one pore to the next 

through the interface. The inlet and outlet of the paper channel were exposed to atmospheric pressure. The top, bottom, 

and lateral walls had different CAs considering the type of modeling (Fig. 1a-d, Fig. S5). The results of all the 
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simulations were compared with the reference model simulation. The properties of the reference model are shown in 

Table S2. 

Fig. 1 a) Isometric view of the proposed paper-based channel and different walls b) Side view of the channel and 

initial wetted length of 5 µm c) More precise view of two interconnected pores, surfaces colors with blue lines have 

liquid-on-paper CA=44˚ d) Front view of two interconnected pores and their interface 

2.4. Mesh independence study 

The automatic meshing method (triangular) of the ANSYS fluent with different element sizes was used to achieve 

mesh independency. The simulation time and computations increased by decreasing the element size, nodes, and 

elements. The element sizes of 2.5, 5, 7.5, and 10 µm were evaluated. The meshing quality was determined by the 

aspect ratio, orthogonal quality, and skewness parameters. Since the aforementioned element sizes were in the 
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appropriate range of the qualification determinants, the wetted-length plot was another way of evaluating the mesh 

independency. 

2.5. The method of achieving diagrams  

The wetted length over time and average pressure over the channel length diagrams were introduced. The wetted 

length was achieved through the volume fraction function along the flow direction in a plane (named plane 1 and 

shown in Fig S4). For the pressure over the channel length diagram, the average pressure in the final time was obtained 

every 5 µm along the flow direction. This plot indicated pressure variations before and after the meniscus. 

2.6. The effect of geometric and physical parameters 

The effect of geometric and physical parameters was investigated, and the wetted length and pressure results were 

analyzed and compared with the reference model. Geometric parameters involved the geometry and dimensions of 

the pore, channel dimensions, and porosity. The investigated physical parameters are CA, STC, and viscosity. The 

variations of these parameters in different simulations are displayed in Table S3. 

3. Results  

3.1. Mesh independency study 

According to the wetted length over time diagram (Fig. 2), the wetted length diagrams in different element sizes were 

approximately equal. The element size of 5 µm was chosen due to the smoother wetted-length curve.  

Fig. 2 The wetted length diagrams in different element sizes 

 

3.2. Verification and validation of the simulation model 
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This simulation aimed to explain the diagrams and validate the modeling by comparing them with other studies. The 

fluid wicking through the capillary action was simulated for a 500×1000×100 µm3 channel whose walls (top, bottom, 

and lateral) had the CA of adhesive tape (CA=78˚). The results of the wetted length and pressure are presented in Fig. 

3. The schematic picture of the fluid position and average pressure at the beginning and the end of the simulation is 

shown in Fig. 3a-f. Because of more CA on the lateral walls and consequently less hydrophilicity and capillarity, the 

fluid wicked more in the middle of the channel (Fig. 3a-d). Lower average pressure is also observed in interface 

according to the liquid and air existance (Fig. 3e,f). 

According to Fig. 3g, the slop of the wetted-length diagram and consequently the fluid velocity decreased over time. 

In fact, the liquid wicked into the channel with high speed at the beginning due to confronting a massive hydrophilic 

surface and, then, its velocity decreased over time due to increasing the wetted length, channel filling, and resistance. 

A diagram of average pressure over the channel length is illustrated in Fig. 3h. A pressure drop in the liquid zone 

suggested that the capillary flow occurred from the higher pressure to the lower. After the meniscus position, the 

average pressure increased to the atmospheric pressure due to the air phase and the outlet boundary conditions. 

According to Fig. 3h, the minimum of the plot is the position of the liquid and air interfaces (meniscus). Schaumburg 

and Berli solved equations for a multilayer paper and investigated the effect of different parameters such as gravity 

and inlet volumes on wetted length [21]. The present research findings are consistent with Schaumburg and Berli's 

results by comparing the wetted-length diagrams for a more extended period (Fig. 3i). 
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Fig. 3 Isometric view of the wetted length a) at the initial time (0 ms), b) after 5 ms, c) The wetted length at the initial 

time (0 ms) in plane 1, d) Wetted length after 5 ms in plane 1, the red color assigns for the liquid phase, e) Average 

pressure at initial time (0 ms) in plane 1, f) Average pressure after 5 ms in plane 1, g) Wetted length over time diagram, 

more wetted-length variations at the beginning of the flow due to lower resistance, h) Average pressure-channel length 

diagram, pressure drop before meniscus in the presence of liquid phase, and i) Consistency of wetted length in the 

present study and Schaumburg and Berli's study 

3.3. The effect of various parameters 

3.3.1. Boundary condition effect 

Four types of boundary conditions were defined (5th row in Table S3, Fig. S5). As depicted in Fig. 4a, the wetted 

length when 4 boundaries are hydophlic walls (4BH) was more than the other boundary conditions due to owning 

more capillary surfaces and more capillary force. According to the average pressure-channel length diagram (Fig. 4b), 



11 

 

 

the pressure drop was also more in 4BH because of more capillary surfaces. Moreover, pressure fluctuations in the 

liquid phase were observed due to the interfacial cross-section's alteration perpendicular to the fluid flow. The 

interface of every two interconnected pores had a smaller cross-section (Fig. 4c), and when the fluid flowed over that 

interface, the velocity must be increased based on the mass conservation law (Q1=Q2, A1v1=A2v2). Therefore, 

according to Bernoulli's equation, any velocity decrease results in a pressure increase when gravity is constant. The 

average pressure tended to decrease along the channel in the liquid zone. Still, when the fluid passed the interface 

(e.g., after 10 µm), the cross-section became larger and led to a decrease in velocity and an increase in the pressure. 

 

Fig. 4 a) More capillary force in 4BH due to having more capillary surface, b) More pressure drop when the capillary 

surface was more. The pressure fluctuations can be observed after every pore interface, (4BH: 4 boundaries are 

hydrophilic, 2BAP: 2 boundaries are exposed to atmospheric pressure, 3BAP: 3 boundaries are exposed to 

atmospheric pressure, 4BAP: 4 boundaries are exposed to atmospheric pressure), and c) Cross-section decrease in the 

interface of two interconnected pores, and velocity decrease and pressure increase according to Bernoulli's equation 

3.3.2. Effect of pore geometry 

The capillary effect was investigated for the three cubic, cylindrical, and spherical pore geometries with the same 

hydraulic radius. The wetted length was more when the pore geometry was cubic; the other geometries had almost 

equal wetted lengths (Fig. 5a). The capillary surface could be a reason for this phenomenon. As depicted in Fig. 5b, 

the average pressure variation was more when the pore geometry was cubic. The main reason for more pressure drop 

in the cubic pore was the trapping of air in the edges of the pore. Therefore, the pressure drop increased to push the 

fluid forward. The pressure fluctuations due to cross-section alterations, expressed in Section 3.3.1. Boundary 

condition effect were also observed. The surface which has a CA lower than 90° and causes capillary action was called 

the capillary surface. The surfaces of pores and channel walls were examples of the capillary surface. However, in 

this study, the capillary surface was used to differentiate between the channel walls and hydrophilic pore surfaces, and 

(c) 
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the term capillary surface was only applied for the hydrophilic pore surfaces. The capillary surface is shown in Fig. 

5c for two interconnected pores.  By calculating the capillary surface for one pore in different geometries, it was 

realized that the capillary surface was more when the pore was cubic. Moreover, the Washburn's equation coefficients 

obtained from the wetted length vs. time diagram equaled the proportion of capillary surfaces in different pore 

geometries (See Table S4 for more details.). 

 

Fig. 5 a) More fluid imbibition because of more capillary surface in cubic geometry, b) More pressure variations along 

the channel owing to the air trap in cubic pore modeling, and c) Capillary surfaces for two interconnected pores 

demonstrated in red color in the cubic, cylindrical , and spherical pores 

3.3.3. Effect of pore size variation 

Simulations were performed for the pore width of 5, 10, and 20 µm to investigate the effect of pore dimensions on the 

wetted length and pressure. As discussed before, 10 µm is the reference size. According to the wetted length over time 

diagram (Fig. 6a), halving or doubling the width of the pore had a similar effect on the wetted length, and the fluid 

imbibition was lower than the reference model. The pressure variation is illustrated in Fig. 6b. The pressure drop in 

the 5 µm pore width was more than the other two (10 and 20 µm) due to the presence of more considerable resistance 

and more pressure drop to push the fluid forward. Twenty µm pore width compared to 10 µm had less resistance but 

required more pressure drop to compensate for the lower capillary surface. Therefore, more pressure drop was 

observed for the 20 µm pore width.  

Achieving the same wetted length in 5 and 20 µm widths can be for two reasons: capillary surface and channel 

resistance. The capillary surface was described before and can be calculated accordingly. The porosity was the same 
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in all the geometries; so, the number of pores in smaller pore width was more than the larger one. The channel 

resistance is calculated using Poiseuille's law, and is inversely proportional to the fourth power of the hydraulic radius 

(∝ (
wxy). The capillary surface and channel resistance are calculated in Table S5. According to Table S5, the smaller 

pore width had more capillary surface and more channel resistance. The capillary surface helped fluid wicking, 

whereas the channel resistance prevented capillarity. Thus, increasing or decreasing the pore width had the same effect 

on the wetted length. 

Fig. 6 a) Liquid imbibition length b) Pressure drop in different pore widths 

3.3.4. Effect of channel width  

The channel widths of 0.5 and 1 mm were investigated. According to Fig. 7a, the wetted length in 1 mm channel was 

more because of more capillary surfaces. The average pressure measurements along the channel are depicted in Fig. 

7b. More pressure drop in 0.5 mm channel width modeling was observed. This geometry had a few capillary surfaces; 

so, the pressure drop should be increased to lead the fluid to penetrate forward. The pressure diagram for the wider 

channel shifted slightly right because it had a higher wetted length. By comparing the ratio of the wetted-length 

equation obtained from the diagram and the proportion of the channel width (Table S6), it was observed that the 

equation coefficient changed by the square root of the channel width ratio (𝑥 ∝ √𝑊). 
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Fig. 7 a) More wetted length in the wider channel due to more capillary surface b) More pressure drop in smaller 

channel owing to the less capillary surface  

3.3.5. Effect of the channel height 

Two geometries of 50 and 100 µm channel height (thickness) were simulated. As illustrated in Fig. 8a, the liquid 

phase could wick more in the thicker channel because of more capillary surface presence. According to the pressure 

diagram (Fig. 8b), the pressure drop in the thinner channel was more because fewer capillary surfaces required more 

pressure to activate the fluid flow. The pressure diagram for the thicker channel shifted slightly right because it had a 

more wetted length. As shown in Table S7, the wetted length over time by channel heights variation demonstrated 

that the equation coefficient changed proportionally to the square root of the channel heights (𝑥 ∝ √𝐻).  

Fig. 8 a) More fluid imbibition in the thicker channel because of the more capillary surface b) More pressure drop in 

the thinner channel 

3.3.6. Effect of channel length 

The channel lengths of 50 and 100 µm were modeled. This simulation aimed to investigate the effect of channel length 

on the wetted length and pressure gradient. According to the wetted-length diagram (Fig. 9a), the fluid imbibition 

increased by a channel length increase. It can be hypothesized that the longer channel can create more pressure 

gradients. The pressure drop in the shorter channel was also more (Fig. 9b). By comparing the ratio of the coefficients 

and the length changes (Table S8), the coefficients were changed concerning the square root of the length change 

(𝑥 ∝ √𝐿). 
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Fig. 9 a) More fluid imbibition in the longer channel b) More pressure drop in 50 µm channel length 

3.3.7. Effect of the porosity 

The porosities of 0.125 and 0.25 were evaluated. According to Fig. 10a, the wetted length in the porosity of 0.25 was 

more because of more capillary surfaces. The average pressure along the channel is illustrated in Fig. 10b. The 

pressure drop in lower porosity was more owing to having a less capillary surface and requiring more pressure drop 

to push the fluid forward. In the porosity of 0.25, the pressure diagram shifted slightly right because of more fluid 

imbibition. According to Table S9, the wetted-length coefficient of the equation has a positive correlation with the 

square root of the porosity (𝑥 ∝ √𝜀). 
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Fig. 10 a) More liquid wicking when porosity was more b) Pressure drop in the porosity of 0.125 due to having fewer 

capillary surfaces 

3.3.8. Effect of CA variations 

The effects of CA of 22°, 44°, and 66° were investigated. According to Fig. 11a, the wetted length increased by 

decreasing the CA. Lower angles for fluid on a surface meant more hydrophilicity and, therefore, more capillary. 

Thus, lowering the CA caused more fluid imbibition. According to Fig. 11b, a decrease in CA resulted in more 

pressure drop because lower CAs created more capillary action due to having more hydrophilicity. In other words, 

decreasing CA meant increasing the cosine of CA (𝑥 ∝ √cos𝐶𝐴) and the pressure gradient in the capillary pressure 

equation (Table S10). 

Fig. 11 a) More liquid imbibition by decreasing CA owing to more hydrophilicity b) Increasing pressure drop by 

reduction of the CA 

3.3.9. Effect of the surface tension coefficients 

The STCs of 0.0364, 0.0728, and 0.1564 N/m were considered for the liquid phase. According to Fig. 12a, the wetted 

length increased by raising the STC. According to the capillary pressure equation, the STC was positively correlated 

with the capillary pressure and the fluid imbibition. More pressure drop was also observed with a higher STC (Fig. 

12b).   According to the capillary pressure equation, the capillary pressure and, therefore, wetted length were directly 

proportional to the STC and the square root of the STC (𝑥 ∝ √𝜎), respectively (Table S11). 
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Fig. 12 a) Increasing fluid penetration by increasing the STC b) More pressure drop by increasing the STC. 

3.3.10. Effect of the fluid viscosity 

The fluid viscosity for water in 25℃, half and double, was considered. As depicted in Fig. 13a, more fluid viscosity 

resulted in a lower wetted length because of more flow resistance. Moreover, the viscosity was negatively correlated 

with the capillary pressure and the fluid imbibition in the capillary pressure equation. The higher viscosity created 

more flow resistance and pressure drop (Fig. 13b). According to Table S12, the wetted length was inversely 

proportional to the square root of the fluid viscosity (𝑥 ∝ c1 𝜇) ). 
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Fig. 13 a) Negative  correlation of fluid imbibition and fluid viscosity b) More pressure drop by increasing viscosity 

3.4. Proposing and evaluating a modified Washburn’s equation 

This study investigated fluid flow by capillary action in the paper substrate with orderly (non-random) pores. The 

effect of geometrical and physical parameters on the wetted length and average pressure was evaluated, and the 

consistency of the present and a recent study [21] was verified by comparing wetted-length results, Section Fig. 2 

The wetted length diagrams in different element sizes 

 

3.2. Verification and validation of the simulation model.  

According to the simulations, variation in physical parameters such as STC increase, CA decrease, and viscosity 

decrease leads to increasing pressure gradient and fluid imbibition. Therefore, the effect of physical parameters on the 

capillary pressure was verified as expressed in Washburn's model. Considering different simulations, the wetted length 

in the present study can be proposed as below: 

𝑥 ∝ 1 𝑅=) 	p𝑊𝐻𝜎𝐿𝜀𝑐𝑜𝑠𝜃 𝜇⁄ 											(10) 
Where 𝑅= is the pore hydraulic radius, 𝑊, 𝐻, and 𝐿 are the channel dimensions (width, height, and length, 

respectively), 𝜀 is the porosity fraction, 𝜎 is the STC, 𝜃 is the fluid CA on the surface, and 𝜇 is the fluid viscosity.   

Considering a constant value, the modified Washburn’s equation is as follows: 

𝑥 = 	𝛼 𝑅=) c𝑊𝐻𝐿𝜀𝑐𝑜𝑠𝜃 𝜇) 									(11) 
Where 𝛼 is a constant value and can be calculated through experimental methods [14] and 𝛼 = 1.2 for the present 

study. By comparing Eq.	11 with Darcy's equation (Eq.	9), the permeability is as below: 

𝑘 = −𝑊𝐻𝐿𝜀 128𝛼𝑅=⁄         (12) 
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Fig. 14 shows the consistency of results obtained from modified Washburn’s equation, simulation and Schaumburg 

and Berli's study. 

Fig. 14 Consistency of the modified Washburn’s equation with this simulation and a recent study 

 

4. Conclusion 

According to the wetted length over time diagram, the fluid wicked very fast at the beginning of the flow (high slope 

of the diagram), the fluid velocity slowed down, and the wetted length reached a constant value in the final period. 

Such a behavior was because of filling the pores near the inlet and increasing the flow resistance. In the diagram of 

average pressure along with the channel, a pressure drop was observed in the fluid phase suggesting that the capillary 

action leads to a pressure gradient and fluid imbibition [5, 8, 20]. The pressure fluctuations were also perceived owing 

to cross-section alterations that changed the velocity (conservation of mass law) and pressure (Bernoulli's 

equation). Changing the geometric parameters did not directly affect the capillary pressure, whereas wetted length and 

pressure alterations were observed. Capillary surface and channel resistance were the factors which were investigated 

in this study. The pore surfaces and channel walls were capillary surfaces in this simulation. Here, the capillary surface 

is hydrophilic (CA<90°), and the capillary action that occurs through this surface helps fluid wicking. The channel 

resistance was obtained through Poiseuille's equation. A decrease in capillary forces and wetted length was observed 

when the resistance increased. Changing geometric parameters such as pore size and porosity could change both 

capillary surfaces and fluid resistance or one of the aforementioned factors.  

Supplementary material 

See the supplementary material for the complete structure of this study. 
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Figures

Figure 1

a) Isometric view of the proposed paper-based channel and different walls b) Side view of the channel
and initial wetted length of 5 μm c) More precise view of two interconnected pores, surfaces colors with
blue lines have liquid-on-paper CA=44˚ d) Front view of two interconnected pores and their interface

Figure 2

The wetted length diagrams in different element sizes



Figure 3

Isometric view of the wetted length a) at the initial time (0 ms), b) after 5 ms, c) The wetted length at the
initial time (0 ms) in plane 1, d) Wetted length after 5 ms in plane 1, the red color assigns for the liquid
phase, e) Average pressure at initial time (0 ms) in plane 1, f) Average pressure after 5 ms in plane 1, g)
Wetted length over time diagram, more wetted-length variations at the beginning of the �ow due to lower
resistance, h) Average pressure-channel length diagram, pressure drop before meniscus in the presence
of liquid phase, and i) Consistency of wetted length in the present study and Schaumburg and Berli's
study

Figure 4

a) More capillary force in 4BH due to having more capillary surface, b) More pressure drop when the
capillary surface was more. The pressure �uctuations can be observed after every pore interface, (4BH: 4
boundaries are hydrophilic, 2BAP: 2 boundaries are exposed to atmospheric pressure, 3BAP: 3 boundaries
are exposed to atmospheric pressure, 4BAP: 4 boundaries are exposed to atmospheric pressure), and c)
Cross-section decrease in the interface of two interconnected pores, and velocity decrease and pressure
increase according to Bernoulli's equation

Figure 5

a) More �uid imbibition because of more capillary surface in cubic geometry, b) More pressure variations
along the channel owing to the air trap in cubic pore modeling, and c) Capillary surfaces for two
interconnected pores demonstrated in red color in the cubic, cylindrical , and spherical pores

Figure 6

a) Liquid imbibition length b) Pressure drop in different pore widths

Figure 7

a) More wetted length in the wider channel due to more capillary surface b) More pressure drop in smaller
channel owing to the less capillary surface 



Figure 8

a) More �uid imbibition in the thicker channel because of the more capillary surface b) More pressure
drop in the thinner channel

Figure 9

a) More �uid imbibition in the longer channel b) More pressure drop in 50 μm channel length

Figure 10

a) More liquid wicking when porosity was more b) Pressure drop in the porosity of 0.125 due to having
fewer capillary surfaces

Figure 11

a) More liquid imbibition by decreasing CA owing to more hydrophilicity b) Increasing pressure drop by
reduction of the CA

Figure 12

a) Increasing �uid penetration by increasing the STC b) More pressure drop by increasing the STC

Figure 13

a) Negative correlation of �uid imbibition and �uid viscosity b) More pressure drop by increasing
viscosity

Figure 14

Consistency of the modi�ed Washburn’s equation with this simulation and a recent study
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