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Abstract 

Advances in nanotechnology have made it possible to produce minimal tools and equipment that 

can be used to control tiny volumes of fluids. Currently, at the center of attention of scientists in 

various fields, such systems are referred to as microfluidic systems. Also, the ability to 

synthesize nanoparticles with precise control over the particle's form and size is crucial. The 

primary goal of this research was to see if the nozzle-focused microchannels could have been 

used to synthesize the Polycaprolactone (PCL) polymer nanoparticles through the COMSOL 

Multiphysics 5.4 software medium. In this study, the velocity and static pressure of the droplet 

after leaving the nozzle and entering the main channel, as well as the size, shape, distribution, 

and weight of the droplet in terms of the time step, were understudied. It was revealed that the 

channel's design allowed the droplets to keep their steady structure at its conclusion. Finally, it 

was shown that the droplet possessed a dual functionality of place and time in terms of size and 

weight distribution after a time step of 0.00305 seconds. The maximum drop saturation mass was 

formed, and the droplet diameter size displayed a plateau after 0.01 seconds. 

Keywords: Nanoparticles, Microfluidics, Polycaprolactone, Microchannel, Glass capillary 

device. 
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1. Introduction 

     The science of microfluidics is capable of addressing a wide range of study areas, including 

analysis, electronics, physics, biology, pharmaceutical sciences, etc. The attraction of 

microfluidics is that fluid behavior is different from the macroscale. A liquid interface may be 

created and broken down into droplets using various hydrodynamic techniques. These methods 

can be divided into three main categories: cross-flowing systems, Co-Flowig Streams and 

Extensional Co-Flows. Cross-flow systems include the collision of two fluid streams, which 

results in enough stress at the interface to disrupt the flow [1–3]. In co-flow systems, the stresses 

brought on by the adhesive forces that the external flow applies to the contact surface are what 

primarily leads to the formation of droplets. Finally, adjacent co-current flows where driving 

forces are generated by co-flowing through an orifice located in front of the internal fluid source. 

To get a liquid droplet or droplets, this induces pressure gradients or dilatational Viscous 

Stresses that pull the interface [4]. 

According to published reports, polymers have found many applications in treatment programs 

due to the variety of different operating methods, various methods of macromolecular synthesis, 

and their chemical and physical diversities. In this direction, polymer nanoparticles improve and 

facilitate modern medicine and nanomedicine [5]. The scientific community in recent decades 

has considered biodegradable polymer nanoparticles due to their high potential for drug delivery. 

Solvent emulsion evaporation, desalination, dialysis, nano-deposition, and supercritical fluid 

technology may all be used to make polymer nanoparticles from pre-prepared polymers. 

Polymerization processes such as microemulsion, mini-emulsion, emulsion without surfactant, 

and intermediate polymerization can also synthesize them directly from monomers [6–8]. Due to 
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the possibility of high control over the synthesis process, microchannels achieve essential 

features that other synthesis methods do not have. Such as achieving a uniform particle size 

distribution and the relative ease of controlling particle size by changing the effective parameters 

in the particle synthesis process [9–16]. In synthesizing materials by microchannels (such as 

similar processes such as energy production or extraction of biomolecules, ions, and dyes), there 

are three main influential parameters: flow patterns, residence time, and mixing length [17–21]. 

Zhang et al [22]. used a microfluidic synthesis system to present gas/liquid/liquid (G / L / L) 

emulsion droplets with various configurations and observed the deformation from the shell core 

structure to Janus droplets. The results reveal that the equilibrium angle influences the shape of 

the G/L/L emulsion at the contact line and the relative volume of the two dispersed phases. 

Setting relative velocity, continuous phase viscosity, surface tension, and type and concentration 

of surfactants allows for creation of Janus droplets with various morphologies. Saeed et al [23]. 

produced polycaprolactone nanoparticles in a co-flow glass capillary device with a tip size of 

250 μm. They simulated the droplet formation process in the co-flow microchannel using 

Computational Fluid Dynamics (CFD). The results show that the ratio of microdroplets to 

nanoparticles was between 735 and 75.  In another study of this group [24], The formation of 

core/shell microdroplets with uniform size has been investigated numerically in a co-flow 

microchannel. Finally, they proposed a correlation for the shell thickness using the shell-to-core 

phase velocity ratio and performed 51 CFD simulations. Using a co-flow microfluidic device, 

Zhang and colleagues [25]prepared a magnetic chitosan microsphere without using any 

surfactant or cross-linking agent. This method creates magnetic chitosan microspheres of even-

sized. Another study[26] suggests a straightforward, droplet-based technique for producing 

polymer microspheres without surfactants. The findings indicate that the critical determinants of 
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the microspheres' properties are the surface tension between the polymer solution and the 

continuous phase, the water flow pattern in the continuous phase, and the viscosity of the solvent 

for the polymer solution. To manufacture Janus particles made of poly (D-lactic acid) (PLA) and 

poly (C-lactic acid) (PCL), Ekanem et al [27]. developed a concentrated flow capillary 

microfluidic synthesis platform. A concentrated reverse flow or a contemporaneous flow paired 

with a concentrated reverse flow was used to create large droplets. Janus nanoparticles were then 

produced by mixing two separate polymer streams in two parts. Lince and coworkers [28] PCL 

nanoparticles were created in a Confined Impinging Jets Reactor (CIJR), and it was found that 

mixing had a significant impact on the final particle size. The mixing efficiency improves by 

increasing the flow rate of liquid phases into the CIJR. This increase led to favorable nucleation 

and a significant reduction in particle size. Nanoparticles with regulated size, adhesion qualities, 

and controlled degradation must be created to achieve controlled drug secretion to a specific spot 

at the required therapeutic rate [29]. Due to their relatively high capacity, traditional mixers need 

more refined control over the mixing process, resulting in poor particle size distribution control. 

Agitators or micro-scale reactors have a minimal volume of liquids, allowing a homogeneous 

reaction medium to be achieved and having a higher surface-to-volume ratio than conventional 

agitators [30]. Ali and coworkers [31] prepared hydrocortisone nanoparticles in a Y-junction 

microfluid. The flow rate of the solvent and anti-solvent influenced the size of the nanoparticles 

formed, with smaller particles forming at higher flow rates. Su and colleagues [32] prepared 

Barium Sulfate and 2,2-Dipyridylamine nanoparticles using a microfluidic system through T-

shaped tubes. Droplets of solvent and anti-solvent materials were thus gathered downstream of 

the T-shaped channel after forming at its entrance. Génot et al [33]. Used a Y-shaped 

microchannel, a 3D focusing hydrodynamic device, to synthesize Rubrene nanocrystals through 
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the non-solvent crystallization process. Rahimah et al [34] biodegradable polymer nanoparticles 

were created inside a rectangular tube with an internal diameter of 1 mm. They used a 

micromixer combined with nano-deposition in a glass-capillary device. Water and organic phase 

micro-mixtures (1% by weight of polylactic or polycaprolactone) dissolved in Tetrahydrofuran 

(THF) were modeled using the Comsol Multiphysics software. Nanoparticle tracking analysis 

(NTA), dynamic light scattering, and in situ microscopic imaging were also used to investigate it 

in vitro. Numerical results matched experimental observations in terms of flow patterns and 

mean particle size. Xie et al [35]. Developed a fluid nano-deposition system that produced a 

single-step Encapsulates paclitaxel hydrochloride and doxorubicin (hydrophobic and hydrophilic 

medicines, respectively) in Janus polymer nanoparticles made of poly (lactic-co-glycolic acid) 

(PLGA). Lone and coworkers came up with yet another model. It is a T-shaped microchip that 

synthesizes Janus particles by isolating the downstream channel's ultra Violet phase [36]. PCL 

polymer nanoparticles with suitable biocompatibility and biodegradability properties are one of 

the best options for application in drug delivery processes. Precise control over the size and 

shape of the nanoparticles is critical during their synthesis [37]. The primary purpose of this 

research was to synthesize PCL nanoparticles using a microchannel focused on nozzle flow 

through the Comsol software. The device's primary body is made up of two coaxial glass 

capillaries, one having a circular cross-section and the other with a circular cross-section but a 

nozzle form. The continuous phase was located at the main channel, and the dispersed phase was 

injected with a nozzle. It is reiterated that, due to the extended run-time of the simulation, only 

the formation of one drop was investigated. 

Theory 
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Biphasic fluids occur in natural problems and have many applications in industrial problems. 

One of the most critical problems in the two-phase modeling of fluids is how to model the 

surface tension at its correct location as a force or stress. This is because surface tension is a 

force of discontinuous nature that makes it difficult to model this type of currency. Dispersed and 

continuous-phase fluids typically enter the device through two independent microchannels in 

two-phase microfluidic devices. Depending on the geometry of the microfluidic device, the 

channels are usually positioned at a junction. The junction shape aids in defining local flow 

fields that depict the deformation of the two-fluid interface. The free surface instability between 

the phases must be significant enough for the droplets to develop and finally split from the 

scattered phase. The conflict between the stabilizing and destabilizing forces in the two 

interfacial phases causes instability. For steady currents, droplet formation in microchannels is 

usually intermittent and integrated in order to generate a jet; free surface instabilities must be 

kept to a minimum. Shear stresses and fluid immobility are joint stabilizing factors that create 

jets. Also, capillary pressure is frequently the leading cause of joint instability and droplet 

formation.  

Various geometries, including flow-focused, have been used to produce polymer nanoparticles. 

For example, nanoparticle synthesis will be challenging if the flow geometry of the orifice 

diameter is too large or too small. Therefore, the type of microchannel geometry is essential in 

synthesizing nanoparticles and all processes. The microchannels studied in this study, as shown 

in Figure. 1, are formed by punctuation and passing a line through them. Due to this geometry 

possessing an axial symmetry, the developed model also reduced the computational cost. 
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Biphasic fluid modeling methods can be divided into two general types, Lagrangian and 

Eulerian. Lagrangian methods have disadvantages such as high computational cost, and also, if 

the mesh is used, the shape of the elements becomes unsuitable over time. On thte other hands, 

the Eulerian methods are more popular due to their lower computational cost. One of the 

essential Eulerian methods is the fluid's surface method and volume fraction. Amongst the most 

important Eulerian methods one may utilize is the Level set method and Volume of Fluid (VOF). 

The continuity equation for an incompressible flow is given by the following relation:  

   . 0u                                                                                                                                         (1) 

The incompressible Navier–Stokes Equation (2), coupled with the Level Set Equation (which is 

explained in detail below) is provided as follows: 

2

S
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                                                                                                                                 (2) 

The Level Set equation was first introduced in 1988 to model multiphase incompressible fluids 

[38]. One of the major problems of this method is the loss of mass during calculations. In such 

method, a Signed Distance Function is defined, and the basic idea is to consider a continuous 

scalar function called φ. The boundary between two fluids is known as the function φ equals to 

zero. Here, for φ < 0 one side of the boundary is considered while for φ > 0 the other side of such 

boundary may be undertaken. At the beginning of the solution, the Level Set function is defined 

as the minimum Signed Distance Function to the level (i.e.; of the boundary). Therefore, in the 

solution region, |∇𝜑|=1. When the boundary is advanced by an external velocity field, the 

behavior of the Level Set function due to the movement of the boundary is calculated by the 

following displacement equation: 
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Where t represents time, and u is the velocity field. This displacement equation is solved locally 

near the boundary. If the fluid flow is incompressible hence, ∇𝑢=0 and the displacement equation 

shall be written as: 

         .( ) 0u
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Equation 2 corresponds to the continuity equation for the Level Set function. This function is 

positive in one phase and negative in the other. In both phases, a step function is used to 

represent the density and viscosity of fluids such that; 
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The Level Set function is defined as a signed distance function concerning the border, i.e.: 

1( ) ( ) min( )X d X X X    ,     1X I                                                                                                       (6)  

Where I represents the border and X displays the distance. 

In numerical simulations, the step function has discontinuity points. At that value, the function 

suddenly changes from one value to another, which causes instability in numerical simulation 

using the finite element method. To overcome this problem, the following function is used 

instead of the previous one: 
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Where ε represents half the thickness of the border. As a result, the new Level Set function 

possesses the form of equation 8: 

( , ) ( ( , ))smx t H x t                                                                                                                                               

(8) 

According to the φ function, the curvature of the boundary may be calculated with high 

accuracy. Although there is some mass loss in the mentioned method, these minor errors become 

of large values as time goes by. To overcome this problem, on 2005, a Conservative Level Set 

method that has high accuracy and good mass survival [39] was developed. In the current study, 

this latter method is used to investigate the behavior of the boundary between two fluids. 

Through the Level Set function in this method, the border is shown with a value of 0.5, the 

continuous phase fluid with a value of 0 and the drop forming phase fluid with a value of 1. This 

method calculates the density and viscosity along the border by equations 9 and 10. 

( , ) ( )c c dx t                                                                                                                                            (9) 

( , ) ( )c c dx t                                                                                                                                        (10) 

Where the 𝜌𝑐 and 𝜌𝑑 are the density of continuous and dispersed phases; respectively, and 𝜇𝑐 and 

𝜇𝑑 are the viscosities of these two phases. In two-phase fluid simulation, boundary normal vector 
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and boundary curvature are the two values required to model the surface tension, which is 

calculated by equations 11 and 12 as follows: 

   n̂








                                                                                                                                    

(11) 
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(12)  

Where 𝑛̂ is the vector normal to the boundary and 𝑘 is the local curvature of the boundary. 

The equations utilized in this section are as follows. It should be noted that, equation 13 is totally 

compatible with those of the software’s literature [40–46]. 

Equations for two-phase surface regulation and fluid volume fraction: 

. .( (1 ) ),lsu
t

 
 

     
 

              Phils                                                                  (13) 

In equation 13, 𝛾 and 𝜀 are the stabilizing parameters of the numerical solution. 𝛾 is the restart 

parameter, its value is determined according to the highest fluid velocity in the system, and ε is 

the boundary thickness parameter determined according to the mesh size of the system. The 

boundary conditions utilized in the present model are provided through the Table S1 of the 

Supplementary Information file. 

 

3. Solution method 
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One of the essential aspects of all numerical analysis research is how to create a network or mesh 

the problem. In this venue, the size of the selected network to numerically solve the problem 

directly affects the results. To form droplets in nanometer dimensions, a tiny network size must 

be developed at the center of the microchannel (i.e., the connection joint of the microchannels). 

More extensive networks may be used in the rest of the microchannel areas to optimize while 

minimizing the solution time. To solve this problem, a Quad /Tri mesh was used. It is better to 

use very small meshes only at two-phase regions to achieve less computational time. 

The networking should be determined such that the simulation results are independent of the 

shape and size of the networks; hence, they do not affect the results. Therefore, after completing 

the model, one has to perform a network independence test to ensure the results' accuracy. In 

order to investigate the network size, it is important to remember that the smaller the network, 

the greater the accuracy of the calculations; however; this also increases the computing cost. 

Therefore, it is necessary to find an optimal value for networking the microchannel area, the 

reduction of which has minimal effect on the results. An example of a networking independence 

diagram is provided in Figure 2, displaying the mesh element utilized in this study. 

The Mesh statistics generated by the Comsol software are also tabulated in Table 1 to provide a 

more complete depiction of the aforementioned networking towards emphasizing the accuracy of 

this model. 

According to some research works reported in the open literature, the electric potential was 

employed for the mesh independence test [18,47–50]. However; In the present study, an electric 

potential was not applied in accordance with some other published works, instead fluid flow 

based upon velocity as a result was utilized. This is determined using Equation (5). The value 

Uinitial was chosen based upon the nozzle inlet diameter. Figure 3 demonstrates that its value is 
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nearly constant starting at 510
4
. Then, to perform the mesh independency’s investigations, a 

dimensionless velocity was defined ass follows: 

*

initial

U
U

U
                                                                                                                                                             (14) 

Where the onset of U* leveling off is indicative of the threshold of having reached mesh 

independent calculations. 

A systematic flowchart (i.e.; a Process Flow Diagram) for calculations performed in this research 

is provided through Figure S1 of the Supplementary Information section of this paper. 

Moreover, the present simulation data was validated with the simulation results of Li et.al [51]. 

For this purpose, the pressure distribution in the microchannel section was determined and 

according to Figure. 4, a very satisfying comparison was established between the data generated 

through the present work and that of li et al. This emphasized correct operation of the model 

using Two Phase Flow equations was followed. It is reiterated that, since the onset of the study 

by Li et al. started at the 20% of the reactor length, the simulation results of the present work 

also started at that position onwards. 

 

4. Results and discussion 

This section presents the results of a numerical study of the production process of the PCL 

polymer nanoparticles using a nozzle-focused microchannel in COMSOL Multiphysics 5.4. 

Software medium is performed. Ultimately, through this, one can better understand what goes 

through synthesizing such materials, which may later be used to optimize the involved process. 

The microchannel under study is a nozzle microchannel, the 3D view of which is shown in 
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Figure 1-b. In this microchannel, the phenomenon of mass transfer and hydrodynamics of 

droplets has been investigated. Parameters such as the droplet size (in particular, its diameter), 

droplet weight, flow velocity effect, and fluid pressure were also investigated, which shall be 

discussed shortly.  

Figure. 5 displays the velocity contour and static pressure of the droplet after leaving the nozzle 

and entering the main channel. As shown in Figure. 6-a, the static pressure at the beginning of 

the channel increases due to the change in the cross-sectional area at the inlet. However, the 

amount of total pressure is constant throughout the channel and due to the boundary condition 

imposed, the pressure will increase again at the end of the channel. As a result, the beginning and 

endpoint of the channel will have the most significant impacts upon the droplet formation due to 

the end effects. On the other hand, through the Figure 6-b, the velocity profile emphasizes that, at 

the beginning of the droplet entering the channel, a path called the Developed Length is followed 

to reach the maximum velocity in the laminar flow region. In addition, due to the micron scale of 

the channel and the compressive driving force, the velocity profile tends towards that of the plug 

flow. Moreover, due to the micron scale of the channel and the pressure driving force, the 

velocity profile is inclined towards the plug behavior. In addition, except upon the walls, the 

average maximum velocity is observed across the channel. Therefore, at the end of 1/3 of the 

channel, at a constant maximum velocity, the droplets maintain their stable shapes. 

 

From another point of view, Figure 6 shows the fluid velocity contour and droplet formation in 

athree-dimensional aspect. As mentioned in Figure 5. the threshold is the beginning of the 

developed zone and helps forming a stable droplet shape at the end of the channel. 
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Next, in Figure 6-a, the fluid velocity around the droplet represents the flow lines which may 

indicate the degree of distortion and deviation in the droplet formation path. Nonetheless, one is 

cautioned that, this flow area being considered is that of the fully developed one through which a 

maximum velocity is reached and the system is still within the laminar flow regime. Yet, Figure 

6-b displays the motion of a drop in the bulk of the fluid. This Figure clearly reveals dead zones 

exist around a given drop. Therefore, in order to control the droplet size, in addition to the 

microchannel width, the droplet size distribution may be controlled by balancing the Lift and 

Drag forces. As can be seen from this Figure, if the Lift force overcomes that of the Drag, the 

shape of the drop will change from spherical to oval. In general, it is a foregone conclusion that, 

the velocity profile in both 2 and 3D views have significant effects upon determining the shape, 

size, and distribution of droplets. 

 

Figure. 7 shows the changes in droplet weight and size distribution over time. As discussed in the 

velocity profile, the stability of the droplet in terms of size, shape, distribution, and weight is a 

function of the path taken along the microchannel to enter the fully developed regions. In 

addition to the locality dimension, this also requires a time dimension due to the continuity of the 

process. In Figure 7-b, at the beginning of the process, when the droplet enters the main channel 

from the nozzle tank, it gathers molecules around it to make the final shape. According to the 

balance between the interfacial forces and the contact angle, the adjacent fluid flow rate also 

possesses a saturation point of weight gain. According to Figure 7-b, after a time step of 0.003 

seconds, the maximum drop saturation mass is formed. After this period of time, as mentioned 

before, the balance of body forces due to entering the fully developed region displays a uniform 
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behavior, and the weight of the drop remains almost constant. From another point of view, 

Figure 7-a reveals the particle size distribution of droplets at different time intervals. 

As mentioned in Figure 6-b, due to the sizes of the Lift and Drag forces, the probability of 

deformation of the droplet diameter at the initial time steps is rather high. Nonetheless, upon 

reaching the fully developed region and then after, these changes remain almost constant. 

In general, it can be concluded from Figure 7 that the droplets have a locality and time function 

in size and weight distribution. Therefore, a specific size distribution can be easily achieved by 

controlling two parameters, including channel length and process time. One observes that the 

drop weight stabilizes at 0.00305 seconds, and the drop diameter is fixed after 0.01 seconds. 

 

5. Conclusions 

This contribution examined the possibility of synthesizing polycaprolactone nanoparticles 

utilizing nozzle-focused microchannels through the COMSOL Multiphysics 5.4 software. The 

Eulerian method was used because of its many advantages in particular; the cost effectiveness 

over the Lagrangian method. The primary body of the device under investigation is made up of 

two coaxial glass capillaries, one having a circular cross-section and one with a circular cross-

section but a nozzle form. The continuous phase flows in the main channel and the scattered 

phase within the nozzle. Due to the droplet's static pressure, the channel's beginning and 

endpoints had the most significant effect upon the droplet formation due to the end effect. The 

velocity profile also confirmed this. Moreover, the velocity profile tended toward that of the plug 

flow. In addition to the microchannel width, the balance of Lift and Drag forces was used to 

control the droplet size. With the Lift force prevailing over the Drag, the droplet shape changed 
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from spherical to oval, indicating that the velocity profile was influential in determining the 

distribution size and shape of the droplets. These indeed were revealed to be a function of 

reaching (i.e.; of locality) toward the fully developed region. They also required a time 

dimension to do so. According to the balance of surface forces, the contact angle, and the flow 

rate of the fluid adjacent to the droplet, with a time step of 0.003 seconds, the maximum 

saturation mass of the droplet was formed. After that, it behaved uniformly, and the drop's 

weight remains almost constant. 

An outlook of the present study could lay a good background for a better understanding of how 

to determine such liquid material physical properties as surface and/or interfacial tensions. 

However, more experimental undertakings are in order. 

 

 

 

Supplementary Data: 

Supplementary data is available at:  

file:///C:/Users/SHAMILA/Downloads/Supplementary%20data%20Last.pdf 
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a) b) 

 

 
 

Figure 1: a) Desired microchannel geometry developed through the Comsol software in this research, b) 

A three-dimensional view of the generated microchannel of part a) to form the PCL droplets. 

 

Figure 2: The mesh configuration developed in the present study based upon the Comsol 

simulation. 
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Figure 3: Variations of the dimensionless velocity U* as a function of number of meshes 

towards checking the mesh independency.  
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Figure 4: Variations of the reduced pressure through the dimensionless reactor length. A 

comparison between simulated data obtained from the present model with those of Li and 

coworkers. Vertical lines represent the error bars for which a Min and Max values of 0.005% and 

0.064%, respectively are determined through formulae provided in equations of S1 and S2 of the 

supplementary file of this paper. 
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Figure 5: a) pressure contour and b) fluid velocity contour for the generated droplet through the 

Comsol Software in the present research. 
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Figure 6: a) The 3D fluid velocity contour and b) the 3D contour of droplets developed into the 

microchannel which were generated through the Comsol Software in the present research. 
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Figure.7. specifications of the generated droplet as a function of time elapsed after detachment 

from the microchannel, the: a) size and b) weight of the droplets formed. 
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Table Caption 

Table 1: Mesh statistics generated through the Comsol software. 

Mesh statistics 

Description Value 

Minimum element quality 0.7435 

Average element quality 0.9734 

Triangle 8444 

Edge element 731 

Vertex element 17 
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