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Abstract 

Microfluidics-based biochip applications have been increased abruptly in 
multiple fields because of the advantages in manifolds, which include decreased 
test sample utilization and reagent consumption with numerous purposes and 
highly listed benefits. In general, microfluidics involves two different techniques, 
namely active and passive methods, to enable the fluid flow within the channel 
that is mounted on the biochip. In this study, we focus on hydrostatic pressure-
driven passive pumping methodology as it does not require any external actuators 
or power source to assist the flow. This technique solely depends on the 
gravitational pull to enhance fluid flow within the channel. The ultimate aim of 
this study is to design a microfluidic channel in which the geometrical parameters 
are optimized, and the respective velocity profile is obtained. The geometrical 
parameters such as the angle of contact between the channel and the ground (θ), 
channel dimension, and reservoir dimensions which decide the performance of 
the microfluidic device. These optimizations in the channels are performed as a 
theoretical simulation study in 3D modeling software COMSOL Multiphysics 
5.0 to analyze the fluid velocity, where θ is varied between 0 degrees and 70 
degrees and the channel width (wc) and channel height (hc) are varied between 1 
mm to 10 mm and 0.05 mm to 0.5 mm, respectively. Also, the reservoir diameter 
(dr) and reservoir height (hr) are varied between 6 mm and 10 mm, and 0.5 mm 
and 3 mm, respectively for analyzing the velocity profiles. From the obtained 
results, it is observed that the overall flow velocity ranges between 7.27×10-5 – 
3.77870×10-2 m/s. Hence an individual can select the best optimizations of the 
geometrical parameters and their respective velocity for designing a microfluidic 
chip with specific applications upon following this article. 

Keywords: Hydrostatic pressure-driven, Microfluidics, Optimization, Passive 
pumping.  
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1. Introduction 
Microfluidics is a well-known multidisciplinary field that incorporates various 
fields, namely Engineering, Physics, Chemistry, Biochemistry, and 
Nanotechnology that has been emerged in the early 1980s and utilized for the 
development of DNA chips, and Lab-On-Chip (LOC) technology [1, 2]. 
Microfluidics deals with the control and manipulation of the fluids and enables 
mass transport of the fluids that processes only a low volume of fluids to achieve 
high throughput screening with high efficiency and low energy consumption. 
Biochips are miniaturized laboratories that grant many tests to be taken part 
simultaneously to gain high throughput and speed, whereas the digital biochip is 
the microfluidic array filled with the adjacent cells that are most commonly used in 
biomedical fields [3-5]. More often, the surface area of the biochip does not exceed 
the size of the fingernail. However, millions of mathematical operations can be 
performed within seconds with high efficiency and throughput. Similarly, LOC is 
an integrated device that involves one or several laboratory functions in a single 
integrated circuit whose size is about millimeter or centimeter with low fluid 
handling potential. Recent advancements in microfluidics include the development 
of Molecular biology procedures for enzymatic analysis and proteomics. In 
addition to this, the emerging application of microfluidics consists of the Point-Of-
Care diagnosis of diseases [6, 7]. Also, microfluidics devices possess the ability of 
continuous sampling and real-time testing of samples and pathogens. An immense 
benefit is widely observed in personalized medicine, early diagnostics, and drug 
patenting fields. 

1.1. Hydrostatic pressure-driven passive microfluidics 
Broadly microfluidic devices can be categorized into actively driven microfluidic 
devices and passively driven microfluidic devices. Passively driven microfluidics 
is defined as the techniques which do not rely on any external supporting devices 
to facilitate fluid flow within the channel. Instead, it is solely based on fluid 
properties and channel parameters [8, 9]. One such passively driven technique is 
hydrostatic pressure-driven flow, where the pressure exerted by a fluid due to the 
effect of gravity that facilitates the fluid flow. The hydrostatic pressure increases 
proportionally to the depth when measured from the surface. This is because of 
the increasing weight of the fluid that exerts the downward force from above to 
assist the fluid flow within the channel. From the numerous articles available, we 
represented a few handpicked articles that deal with the passive driven 
microfluidics. 

In 2005, Rettig and Folch et al. established an optimization study that had 
incorporated high cell occupancies and also paved the way to uplift the single-cell 
occupancies upon varying the microwell diameter and its depth [10]. In 2009, Park 
et al. demonstrated that the geometry of the wells could also cause deviation in the 
flow pattern and decrease the trapping ability. Hence the microwell dimension is 
optimized for attaining efficient cell trapping [11]. Vangelooven et al. described 
the optimizations in the gap width and the axial length of the distributor to generate 
a steady transversal flow within the microfluidic channels [12].  In 2013, Karimi et 
al. reported an overview which had imparted about the cell/particle sorting 
techniques using hydrodynamic effects to assist the fluid flow in microchannels 
[13].   In addition to this, Zografos et al. had studied the effects of optimization  on 
the channel length and depth to achieve constant strain-rates in the viscoelastic 
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fluids [14]. In 2017, Jasper James et al. had proposed an idea to develop a biochip 
for Single Cell Analysis (SCA) in microfluidics using a vertical trapping array that 
involved the hydrodynamic based cell trapping that relied on the surface 
topographies. It also provided a comparative analysis of the multiple designs that 
can effectively capture the single cell [15].  

In 2018, Vigneswaran Narayanaumurthy et al. had proposed an article which 
had described the effects of fluid channel design and microwell array design for 
single-cell trapping efficiency that employed the use of Pipette Petri dish Single-
Cell Trapping (PP-SCT) technique that is capable of vertical cell trapping. The 
trapping efficiency was analyzed in three designs, namely straight channel, 
branched channel, and serpent-shaped channel. It was observed that the serpent 
channel had better single-cell trapping efficiencies [16, 17]. Thus, in this analysis 
serpent channel design is considered for further studies. 

To the best of our knowledge, none of the studies from the literature survey had 
investigated the efficiency of hydrostatic-based fluid channel designs upon 
optimizing the tilt angle, the reservoir, and the channel dimensions. This study is 
an extension of the work carried out in [16]. In this paper, we have further analyzed 
the various parameters and features for deriving the optimal conditions through the 
numerical approach. We want to impart a clear idea on varying velocity profile 
concerning the changes in the various parameters of the channel and the reservoirs, 
which utilizes the gravity-based passive flow. By analyzing the velocity profile of 
various optimizations in the channels, one can use these specified parameters for 
attaining the desired velocity. Finally, we also concluded the optimum parameters 
for obtaining maximum velocity within the specified channel dimensions that can 
suit well within the glass slide of the standard size. Also performed the analysis of 
velocity profile that has been obtained as a result of the various optimizations 
performed in the channel that helps in selecting a suitable optimization parameter 
to gain a better flow. These offer a wide range of applications in research and 
development works for attaining specific velocities. 

2. Methods 
New methods and various execution platforms in the field of passive flow 
microfluidics that helps in designing a high throughput device with less expertise 
and complexity, to analyze the velocity for various applications. 

2.1. Device design 
In this study, the device dimension is based on the previous review [16]. In the 
work as mentioned above, the device design was made of 3 inches × 1 inch in size, 
and standard Petri dishes of dimensions 90 mm × 15 mm (Sigma, St Louis, MO, 
USA) were examined. Petri dishes have a lower dish (LD) and an upper dish (UD) 
of dimensions 87 mm × 15 mm and 90 mm × 7 mm respectively. With these 
standard dimensions, this simulation study is performed. Along the sidewall of the 
petri dish, the inlet side of the biochip is made to lean upon it, and the outlet side is 
placed inside the petri dish base along its diameter. Then the sample is placed at 
the inlet well, which flows through the channel as a result of the generated pressure 
due to gravity and gets collected at the outlet well. During the extreme operational 
condition, one can use sticky tape to lock down the position of the biochip with the 
petri dish. The fluid flowing through the channel is calculated by using the formula; 
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Fluid flow rate = Area of the channel × Velocity of the liquid, which can also be 
mentioned as in Eq. (1), 

𝑄𝑄 = 𝐴𝐴𝐴𝐴                                 (1) 

where Q is the liquid flow rate (m3/s), A is the cross-sectional area of the channel 
(m2), and V is the velocity of the liquid (m/s). Device design in the simulation study 
is computed with the no-slip boundary condition where the velocity of the fluid is 
almost 0 near the walls, and it gradually increases as we move towards the center 
of the flow path.  

The inlet pressure values can be calculated with the Eq. (2) namely, 

𝑝𝑝 = 𝜌𝜌𝜌𝜌ℎ                               (2) 

where, p is pressure in the fluid sample (Pa), 𝜌𝜌 is the density of the liquid (kg/m3), 
g is the acceleration of gravity (m/s2), and h is the height of the fluid column or 
depth in the fluid (µm) from the ground. 

The height of the fluid column varies concerning the varying angle of contact 
of the channel. In microenvironments predominantly, the laminar flow pattern is 
seen, since the viscous forces dominate inertial forces. This can be determined by 
the Reynolds number (Re). The laminar flow pattern is observed when the 
Reynolds number is less than 2300. Reynolds number can be calculated using the 
relation given in Eq. (3); 

Re = Inertial Force
Viscous Force

                               (3) 

In this work, incompressible flow is considered since the fluids with a constant 
density (𝜌𝜌) are incompressible. Their flow along the channel is governed by the 
Navier-Stokes equation, Bernoulli equation, Hagen Poiseuille equation, and the 
Continuity Equation. The flow material considered in this work is water. The 
properties of the studied materials are given in Table 1. 

Table 1.  Material and its properties used in the study. 
Components Property Value 
Fluid (water) Dynamic Viscosity (µ) 

Density (𝜌𝜌) 
8.90×10-4 (Pa/s) 

1000 (kg/m3) 
Channel  Channel Surface Roughness Glass (0.0015 mm) 
Pressure Inlet 𝜌𝜌𝜌𝜌ℎ 

2.2. Mesh optimisation 
The microfluidic simulation analysis in COMSOL requires appropriate meshing for 
every model. Meshing is essential for Finite Element Analysis (FEA). In COMSOL 
Multiphysics, the range of meshing element size varies from extremely fine to 
extremely coarse. Upon customizing the meshing sequence, the memory 
requirements can be controlled, which results in efficient and accurate simulation 
[18]. In this study, the physics-controlled mesh for fluid flow is used, as shown in 
Fig. 1. To determine the appropriate meshing for the study, we have run the initial 
simulation on the extremely coarser mesh, and then successive simulations were 
computed with progressively smaller meshes until the maximum velocity is 
obtained. From the obtained velocity profiles for each type of mesh, the best of all 
computations are taken for further optimizations. Too coarse a mesh will result in 

https://www.engineeringtoolbox.com/liquids-densities-d_743.html
https://www.engineeringtoolbox.com/accelaration-gravity-d_340.html
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limited data points. Moreover, distorted elements are created due to improper 
meshing can affect the geometric and numerical representation of the model. Both 
result in reduced accuracy. Hence finer the mesh produces the best result with 
accurate calculations. 

 
Fig. 1. Interior view of different types  

of mesh applied in the channel geometry. 

Figure 2 shows the graphical plots of gradually increasing velocity profiles in 
various types of applied mesh. Gradually increasing velocity is obtained at the fine 
mesh level during the simulation process. From the simulation results, it can be 
stated that the minimum element quality computed at the tilt angle of 40 degrees is 
0.01278, and the number of edge elements calculated is about 3178 with 54 vertex 
elements. This stands as the detailed element analysis on comparing with all the 
other kinds of meshes. Therefore, fine mesh is employed for further computations.  

 
Fig. 2. Graphical plot shows the velocity  
profile for various types of applied mesh. 
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3. Results and Discussion 
In order to design the passive flow microfluidic device with maximum efficiency, 
the results obtained from the following optimization factors could be considered 
for better development of the device. 

3.1. Optimization factors  
From the previous studies, as noted in the literature survey, the velocity profiles are 
extracted from the channel with a different set of optimization factors [18]. Figure 
3 represents the possible optimizations that could be made in the device parameters 
to attain a better velocity profile, and also to end up with a better design. Based on 
the comparative study made, the Upper Dish (UD) of the petri dish is taken to 
achieve the high results where the gravity-driven flow can be accomplished with 
ease [19]. It is found that the parameters of inlet reservoir have high impact 
concerning these varying parameters, so the parameters of outlet reservoir are 
maintained constant as in Fig. 3 as it does not have. It is observed that the yield at 
the input reservoir side has produced a satisfying output with a superior-velocity 
profile when evaluated with the outlet reservoir side.  

 
Fig. 3. 2-Dimensional view of the various optimization factors. 

3.2. Tilt angle  
The angle of contact of the biochip along the surface of the petri dish is adjusted in 
such a way that the flow is governed from the steep input side towards the output 
side where the gravity pulls down the fluid into the microfluidic channel. On 
adjusting the tilt angle (θ), the velocities fluctuate due to the varying height from 
their previous positions. To obtain a better flow rate, the study is carried out for a 
range of θ  values where the pressure difference between two ends (inlet and outlet 
reservoir) is assessed through the Bernoulli’s formula. The product of a 
gravitational constant (g), fluid density (𝜌𝜌), and height (h) of the inlet reservoir 
from the surface of UD is calculated for every θ. The velocity profile is obtained 
for different θ with the constant wc of 2000 µm and hc of 200 µm. The dr is retained 
at 3000 µm and hr of 2000 µm. 

Figure 4 shows the simulation results of angle optimization. (a) the channel 
geometry with the minimum angle optimization of 0 degrees is shown in the 3D 
view, (b) depicts the simulation results for the designed channel along with the 
velocity profile that has been acquired, (c) shows the 2D cut plane along the YZ 
axis of the channel geometry which helps in the velocity profile analysis, (d) shows 
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the channel geometry with the maximum angle optimization of 70 degrees  in the 
3D view, (e) depicts the simulation results for the designed channel along with the 
velocity profile that has been acquired, (f) shows the 2D cut plane along the YZ 
axis of the channel geometry which helps in the velocity profile analysis. 

 
Fig. 4. Simulation images of angle optimization. 

Figure 5 indicates the velocity profile of the fluid that is obtained during angle 
optimization. It can be concluded that the velocity profile of the fluid flowing 
through the fluid column has increased persistently. The maximum velocity 
obtained is 8.0237×10-4 m/s at the θ  value of 70 degrees, and the minimum velocity 
7.27×10-5 m/s is noted at the θ value of 0 degree where there is no elevation. 
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Henceforth it can be understood that greater the θ greater the gravitational force 
exists between them to pull the fluid into the column to obtain an increased velocity 
profile. Since this study is an extension work of  [16] where they have clearly 
mentioned that better optimization can occur between 15 and 40 degrees, so we 
have choosen θ of 40 degrees for further optimizations. In addition to that sample 
loading and passive flow mechanism faces some intricacies when the θ is beyond 
70 degrees. Therefore the θ optimizations are performed only within the range of  
0 and 70 degrees. 

 
Fig. 5. Graphical plot shows the relationship  

between the tilt angle and the acquired velocity profile. 

3.3. The dimension of the channel 
Along the length of the channel, that is, at the sides, friction is created as the fluid 
flows against the edges. Fluids flowing through a wide, deep channel encounter 
less resistance than the fluid flowing in a narrow, shallow channel since a smaller 
proportion of the total fluid molecules will be slowed by the channel edges, and 
hence, the center of the channel experiences the most significant velocity. 

With the θ value of 40 degrees, the channel is inspected by varying hc from 50 
µm to 500 µm, and wc from 1000 µm to 10000 µm.  If wc is 1000 µm and 2000 µm, 
then dr and hr is fixed as 3000 µm and 2000 µm respectively. However, dr cannot 
be kept stable as the increase in the wc does not settle with the stable dr. Hence, the 
dr is again altered to 10000 µm for the wc of 5000 µm and 10000 µm. Therefore, 
finalizing proper channel length plays an essential role in maintaining the channel 
geometry. This length of the channel is measured in such a way that it fits into the 
biochip within the given dimensions upon fabrication. 

Figure 6 shows the simulation results procured during the channel 
optimization. (a) the wc 1000 µm and hc 50 µm with the optimized θ of 40 degrees 
has been designed and shown in the 3D view, (b) depicts the simulation results for 
the designed channel along with the velocity profile that has been acquired, (c) 
shows the 2D cut plane along the YZ axis of the channel geometry which helps in 
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the velocity profile analysis, (d) the wc 10000 µm and hc 50 µm with the optimized 
θ  of 40 degrees has been designed and shown in the 3D view, (e) depicts the 
simulation results for the designed channel along with the velocity profile that has 
been acquired, (f) illustrates the 2D cut plane along the YZ axis of the channel 
geometry which helps in the velocity profile analysis. 

 
Fig. 6. Simulation images of channel optimization. 

The graph in Fig. 7 imparts a clear idea on the velocity profile and its relation 
with the channel geometry, which includes the width and height of the channel. The 
channel optimization results in the maximum velocity of 0.0377 m/s at the wc 
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10000µm and hc 500µm. From the computational analysis, it is noted that the 
velocity profile increased exponentially within the considered wc and hc. Therefore, 
further simulation study and analysis are progressed with the wc and hc  of 5000 µm 
and 200 µm respectively, since it possesses the medium velocity.  

 
Fig. 7. Graphical plot showing the  

relationship between wc, hc, and velocity profile. 

3.4. Reservoir dimension 
The hr and dr constitute the entire pressure of the fluid, which plays a vital role in 
fluid flow, where smaller the hr and dr, lesser the gravity exists between the 
reservoir and the surface to drive the fluid into the channel. Hence, hr and dr are 
optimized for a specific range to obtain a better velocity profile. As the height 
varies, change in the velocity is spotted. The θ of 40 degrees, and the wc and hc of 
5000 µm and  200 µm respectively are maintained as the pre-set parameters, only 
the dr and hr of the inlet and outlet reservoir are varied. In which, the hr of the inlet 
and the outlet reservoir is modified between 500 µm and 3000 µm. Similarly, dr is 
varied between 6000 µm and 10000 µm.  

Figure 8 shows the simulation results found during reservoir optimization. (a) 
the channel with the optimized θ of 40 degrees, wc of 5000 µm, hc of 200 µm, hr of 
500 µm and dr of 6000 µm has been designed and shown in the 3D view, (b) depicts 
the simulation results for the designed channel along with the velocity profile that 
has been acquired, (c) shows the 2D cut plane along the YZ axis of the channel 
geometry which helps in the velocity profile analysis; (d)  the channel with the 
optimized θ of 40 degrees, wc of 5000 µm, hc of 200 µm, hr of 3000 µm and the dr 
of 10000 µm has been designed and shown in the 3D view, (e) depicts the 
simulation results for the designed channel along with the velocity profile that has 
been acquired, (f) shows the 2D cut plane along the YZ axis of the channel 
geometry which helps in the velocity profile analysis. 
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Fig. 8. Simulation images of reservoir optimization. 

Figure 9 represents the velocity profile variation acquired in reservoir 
optimization. Reservoir with the dr of 6000 µm and hr of 3000 µm produced the 
maximum velocity of 3.5×10-3 m/s. From this, it is concluded that the velocity 
profile obtained during the optimization in hr and dr does not increase continually. 
However, when the dr is merely equal to the wc, the variation in velocity increases 
gradually. Beside all these things, the dr is inversely proportional to the velocity. 
Hence the selection of dr is essential to obtain a better velocity for specific 
applications. 
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Fig. 9. Graphical plot showing the velocity profile for varying dr and hr. 

3.5. Velocity profile analysis 
From the study, the velocities of various optimizations are analyzed and 
characterized into three different sections as high, medium, and low velocity, as 
shown in Fig. 10. These classifications help to find out the distinct parameters of 
the device to achieve a specific velocity profile under certain applications. From 
the graph, it is evident that the channel parameters can bring about a noticeable 
change in velocity; hence, it is involved in designing the high-velocity devices. For 
instance, the wc of 2000 µm and 5000 µm with 500 µm hc has an average velocity. 
Whereas the wc of 10000 µm with the same hc employs the high velocity. However, 
the angle and the reservoir parameters are studied when there is a requirement for 
minor changes in the velocity.  

 
Fig. 10. Bar graph signifying the velocity profile in the distinct regions. 
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4. Conclusion and Future Perspectives 
Microfluidics is established on a vast scale since its introduction in the field of 
biological and medical applications. The extended reach of microfluidics has been 
declined by various factors. One such factor is to design an automated and recurring 
function microfluidic device is to exclude the external equipment. An additional 
issue is mass production; presently, distinct applications require various designs. 
Hence, limiting the general fabrication of one type of device that will suit every 
purpose is a tedious task. The multidisciplinary nature of microfluidics demands 
for the continuous coordination between different fields, to reach its full potentials. 
A persistent growth and significant expansion beyond simple proof-of-concept 
systems into the extensive real-world and commercial applications are expected. 
The function of passive flow microfluidics had eliminated these consequences.  

In this study, passive flow microfluidics is highly concentrated due to its 
advantages that stand as the successor of these techniques in numerous fields. As it 
depends on the fluid properties, it is more convenient and cost-efficient. The gravity 
existing between the channel geometry and the surface allows the fluid to flow 
within the column. The velocity is acquired in the range of 7.27×10-5 – 8.0237×10-

4 m/s when the θ is maintained between 0 degrees and 70 degrees. Along with the 
θ, channel parameters, such as hc and wc are also varied from 0.05 mm to 0.5 mm 
and 1 mm to 10 mm for which the flow velocity is found to be 1.44×10-4 to 0.0377 
m/s. The reservoir dimensions, such as dr and hr are altered between 6 mm and 10 
mm, and between 0.5 mm and 3 mm respectively, together with the channel and 
angle optimization parameters, to get precise velocity, which falls under the range 
of 3.04×10-3 and 3.5×10-3 m/s. Therefore, it is concluded that the selection of proper 
mesh factors, tilt angle, channel, and reservoir parameters play a crucial role in 
achieving laminar flow.  

Hence, proper designing and simulation have to be performed for accurate 
results. This work can be extended into a fabrication analysis study since the entire 
study is carried out in the simulation software, and also researchers can consider 
working on the low and high-velocity profile since the medium velocity is alone 
analyzed in this work. 
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Nomenclatures 
 
A Cross-sectional area of the channel, m2 
dr Diameter of the reservoir, µm 
G Acceleration of gravity, m/s2 
H Height of the fluid column, µm 
hc Height of the channel, mm 
hr Height of the reservoir, µm 
P Pressure in the fluid sample, Pa 
Q  Liquid flow rate, m3/s 

https://www.engineeringtoolbox.com/accelaration-gravity-d_340.html
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Re Reynolds number 
V Velocity of the liquid, m/s 
wc Width of the channel, mm 
 
Greek Symbols 
𝜌𝜌 Density of the liquid, kg/m3 
θ Angle of contact between the channel and the ground, deg. 
µ Dynamic Viscosity, Pa/s 
 
Abbreviations 

FEA  Finite Element Analysis 
LD Lower Dish 
LOC Lab-On-Chip 
PP-SCT Pipette Petri dish-Single Cell Trapping 
SCA Single Cell Analysis 
UD Upper Dish 
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