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Abstract

:

In recent years, the utilization of microfluidic devices for precise manipulation of small flows has significantly increased. The effective management of microfluidics is closely associated with microchannel fabrication. The fabrication method employed for microfluidic devices directly impacts the roughness of the microchannels, consequently influencing the flows within them. In this study, the surface roughness of microchannels was investigated through three different fabrication processes: PDMS lithography, PLA printing, and UV resin printing. This research compared and analyzed the surface roughness of the microchannels fabricated using these methods. Furthermore, supported by a dynamic fluid simulator, the impact of surface roughness on flow behavior was shown. Results reveal varying degrees of roughness prominence in curved regions. Comparing microfluidic device fabrication techniques is crucial to optimize the process, control roughness, analyze flow rates, and select a proper material to be used in the development of microfluidic devices.
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1. Introduction


In the past decade, microfluidic devices (MFDs) have found widespread applications in various fields, including micro-mixing, micro-reactors, and micro-thermal dissipators [1,2,3,4,5,6]. These devices typically comprise microchannels with hydraulic diameters smaller than 1 mm, serving as conduits for fluid manipulation. The reduction in channel size leads to an increased surface-to-volume ratio, resulting in pronounced surface effects [7]. This increased surface area allows for enhanced interaction between the fluid and the channel walls, influencing the mixing. The interactions between the fluid and the microchannel walls can facilitate catalytic reactions or promote adsorption and desorption processes, depending on the nature of the fluids and the surface properties [8,9]. Several fabrication methods, such as multilayer lithography, smoothed lithography printing, ultrasonic processes, filament extrusion, and laser cutting technology, are available for producing MFDs. Commonly, to manufacture MFDs, the materials used are monomer chemistries including vinyl and acrylates, epoxy resins, thiol–enes, polyurethanes, and siloxanes. Vinyl monomers contain carbon–carbon double bonds, with the simplest vinyl polymer, polyethylene (PE), originating from the ethylene monomer. Polymerization of the carbon–carbon double bond in the vinyl group is initiated by a radical, transforming the monomer into a radical and facilitating radical polymerization to create the polymer. It is worth noting that vinyl chlorides and similar variants are hazardous and challenging to handle. In contrast, acrylates, a category of vinyl polymers derived from the prop-2-enoyl (also known as acryloyl, acrylyl, or acryl) monomer, are generally simpler to synthesize than pure vinyl polymers. Acrylates are well-suited for surface modification through both chemical methods (activation using nitric acid) and physical surface treatments (such as plasma activation and corona discharge). Epoxy resins with epoxy groups are crosslinked by compounds that can bond with them, such as amines, amino acids, and thiols, and are capable of initiating the curing process of the epoxy monomer. Even these groups can react to ultraviolet (UV) light and other chemical stimuli. Thiol–ene chemistry, which involves the reaction of a thiol (containing sulfur–hydrogen groups) and an alkene to produce a thioether, has gained importance as a material for microfluidic devices. It is important to note that, in microfluidics, unreacted thiol groups could lead to non-specific interactions with target molecules. Siloxanes have a polymer backbone consisting of alternating silicon and oxygen atoms. The most commonly used siloxane is polydimethylsiloxane (PDMS), which is widely employed in the creation of microfluidic devices through a casting approach [10,11,12,13]. However, the quality of MFDs and the precision of their microchannels are directly influenced by the fabrication process [14].



Methods such as laser-induced backside wet etching, two-photon polymerization, and laser ablation show improved quality and precision in their MFD fabrication processes. Laser-induced backside wet etching (LIBWE), a single setup process suitable for working with transparent materials, has garnered attention as a potential solution to address challenges in glass micromachining. LIBWE is a technique that indirectly processes transparent materials by heating a liquid absorbent located on the rear side using a laser. Nevertheless, despite its promise, LIBWE still faces practical challenges when applied to a range of glass applications, primarily due to issues like crack formation and imprecise final geometry, and it is also limited to transparent materials [15,16,17].



Over the past two decades, the direct laser writing technique based on two-photon polymerization (TPP) has undergone significant advancements. Its exceptional features, including 3D capabilities, subdiffraction-level resolution, material adaptability, and gentle processing conditions, have rendered it highly suitable for numerous applications in photonics and biosciences. TPP has found extensive use in the development of technological devices, owing to its diverse range of advantages. This technique harnesses high-intensity pulse lasers, enabling the observation of nonlinear optical effects within the irradiated sample. Furthermore, the polymerization process occurs in a small volume, limited to the vicinity of the focal spot, resulting in exceptionally fine resolution for the sculpted structures. While this technique has advantages such as high resolution and non-contact printing, it also has disadvantages such as low printing speed and specific material selection for printing [18,19,20].



Finally, laser ablation is a materials processing technique that involves using a high-energy laser beam to remove or etch material from a solid surface. The method consists of a high-energy laser beam focused on a target material’s surface. Then, the intense energy of the laser causes the material to vaporize or sublimate rapidly. As the material is removed, it forms a plasma plume of ionized particles. Laser ablation is used to create microstructures and patterns on various materials, including metals, ceramics, and polymers. This technique has advantages such as precision, minimal heat zones, and a non-contact process. However, it requires safety precautions due to the high-energy lasers involved, has material compatibility issues, and has a high cost due to the high-powered lasers [21,22].



Controlling the surface quality of MFDs at such small scales poses significant challenges. Studies by Dai and Li (2014) have demonstrated that the surface topography of microfluidic devices affects the flow behavior within them. Dharaiya and Kandlikar (2013) have highlighted the beneficial role of microscopic surface irregularities in heat and mass transfer. Yuan and Tao (2016) have reported that surface roughness influences the pressure distribution along microchannels, which is directly proportional to the mass flow rate of the fluid [23,24,25].



The roughness of microchannel surfaces is key to the performance of MFDs, impacting the resistance or friction factor between the microchannels and the flowing fluid [26]. The friction factor represents the pressure loss within a pipeline, resulting from the interaction between the fluid and the surface (Figure 1a). Higher roughness values correspond to increased friction factors and more irregular and agitated flow (Figure 1b) [23]. Conversely, lower roughness values yield lower friction factors, with less impact on the flow (Figure 1c). The transition from laminar to turbulent flow occurs at a critical Reynolds number of   R e = 2300   [25].


  R e =   ρ  u x  D  μ  ,  



(1)




where  ρ  is the fluid density with units of (   K g   m 3   ),   u x   is the speed flow (   m s   )   , D is hydraulic diameters (m), and  μ  is the fluid dynamic viscosity with units of (  P a · s  ). Hence, the design, geometry, and roughness of MFDs are key in their characteristics and system functionalities [27]. Given the inherent roughness of microchannel surfaces across various manufacturing methods, it is important to investigate roughness effects on flow behavior for the many applications in which microfluidic devices can be employed [28].



Our research group aims to develop microfluidic devices (MFDs) for the production of hydrogel microparticles using polyethylene glycol diacrylate (PEGDA) [29,30,31,32], which find extensive applications across various fields. The choice of MFD fabrication methods significantly influences the size, stability, and homogeneity of these microparticles. Therefore, our primary research objective is to analyze three different fabrication methodologies for MFDs and evaluate their impact on topography and surface roughness.



The three fabrication methods under investigation are as follows: (1) PDMS (polydimethylsiloxane) lithography, (2) PLA (polylactic acid) printing, and (3) UV (ultraviolet) resin printing. We employ image analysis techniques to characterize the topography of specific microfluidic device areas. Additionally, computational fluid dynamics analysis is utilized to assess the effect of surface roughness on flow behavior within the microchannels. By systematically comparing the fabrication methods and analyzing the resulting topography, our study aims to provide insights into the relationship between MFD fabrication techniques and surface roughness. The findings will contribute to optimizing the production of hydrogel microparticles and enhancing their performance in various applications.



Overall, our research focuses on investigating the impact of different MFD fabrication methodologies on surface roughness, and, subsequently, understanding their influence on flow behavior within the microchannels, in addition to implementing a PLA filament for the PDMS lithography method instead of the conventionally used SU-8 for the fabrication of an MFD. This analysis will enable us to advance the development of MFDs for the production of hydrogel microparticles with improved size control, stability, and monodispersity.




2. Materials and Methods


2.1. Microfluid Device Design


The microfluidic device used for the production of PEGDA microparticles is divided into four zones, as shown in Figure 2a. I. Inlet zone: in this zone, the microchannels are designed with similar diameters to the injection tubes in order to avoid pressure variation. II. Droplet generation zone: a T-junction is used, as shown in Figure 2b. The microchannels have a diameter ration of 1:2 for dispersed phase flow (  ϕ  Q d   ) and continuous phase flow (  ϕ  Q c   ), respectively. III. Photopolymerization zone: the polymerization zone length is designed according to the required time to reach a short gelation time [33]. IV. The outlet zone: in this zone, the final diameter is enlarged to provide an easy way to collect the hydrogel microparticles.




2.2. MFD Fabrication Materials and Methods


There are several methods for microfluidic device fabrication. Three of them are analyzed in the present work, for ease of manufacturing in the Bioinformatics and Metabolic Engineering Laboratory at the Universidad de Guadalajara. The microfluidic device used in this analysis features the same design for the 3 different fabrication methods (Figure 3).



2.2.1. Fabrication Method Using Polydimethylsiloxane (PDMS)


PDMS is an inert, transparent, and hydrophobic polymer used for fabrication of MFDs [6]. It requires a curing agent in order to be able to gel. In this research, a ratio of 1:10 of curing agent volume and PDMS was used [34]. These were purchased from Sigma Aldrich as the SYLGARD 182 Silicone Elastomer Kit. The geometry inside the PDMS to obtain the MFD was generated using a PLA filament, which is soluble in acetone (Figure 4a).



The geometry design was carried out using a dedicated design program. Two inlets and one outlet were designed as shown in Figure 3. A path for the microchannel was traced in the shape of a serpentine, with four 2 cm straight lines and five 4 cm straight lines connected by nine 180° curves. A PLA filament was chosen, Polymaker brand, transparent, and red PolySmooth color, with a density of 1.24 g/cm   3   and a diameter of 1.75 mm. It was chosen to work with this filament because it is easy to obtain in the laboratory, easy to work with, biodegradable, and visually appreciable. The printer used a 0.4 mm diameter jetting needle and was configured with a printing temperature of 230 °C and a bed temperature of 45 °C, a print-retraction speed of 60 mm/s, and a minimum FAN speed of 70%. The printing profile used was a medium quality one, consisting of a layer height of 0.2 mm, and 4 base layers at the start and end of printing. The fill density was changed to 50% and a zigzag pattern was used.



Once the PDMS solution is prepared, the geometry is completely submerged in it, as show in Figure 4b. Subsequently, the container with the geometry submerged in PDMS is placed in a vacuum camera for 24 h, using a vacuum pump with a capacity of   0.80   m   3  /h and 100 mbar to eliminate all bubbles in the solution. The next step is to heat the container immersed in PDMS to 60 °C in an oven for 6 h to accelerate the curing process. Finally, once the PDMS is solid, it is immersed in acetone to start the filament removal process. Additionally, it was decided to use a stir plate to speed up the process. Once the filament is completely removed, the MFD is ready, as show in Figure 4c.




2.2.2. Fabrication Method Using a PLA Filament


An alternative method used for the microfluidic systems generation is through 3D printing using the extrusion technique of a polymeric filament (Figure 5). A PLA (polylactic acid) filament is a natural, recyclable, and biodegradable thermoplastic polyester derived from renewable resources [35]. It is used in a Dremel model 3D20 printer with a transparent PLA filament. The printer is set up for diagonal traces and loaded with the designed MFD model (Figure 3). Once the printing is finished, the MFD obtained is treated with ethyl alcohol. Ethyl alcohol is sprayed with an atomizer on both sides of the MFD and 1 mL of ethyl alcohol is injected into each of the inlets to clean and remove any impurities that may remain inside the channels. Finally, the device is left to dry at room temperature and air is injected for 10 min to eliminate the alcohol residues inside the channels.




2.2.3. Fabrication Method Using Photopolymerizable Resin


The MFD manufacturing process has gone as far as printing in 3D. In this research, an Elegoo Mars Pro printer and Anycubic transparent resin were used to print the MFD model.



The Elegoo Mars Pro printer used is a LCD-based stereolithography (SLA) 3D printer, with a build area of 115 × 65 × 150 mm. This printer has an XY resolution of 47 microns and the layer thickness set in the Z-Axis is 30  μ m. Its printing speed ranges from 20 to 30 mm/h and it uses an integrated UV light source of 405 nm wavelength. The resin used is a transparent color 3D-printing UV-sensitive basic resin Anycubic brand. This resin has a viscosity of 552 MPa, shrinkage of 7.1%, tensile strength of 23.4 MPa, elongation at break of 14.2% and a cure time of 3–15 s.



The Elegoo printer is configured with 8 s exposure time for the resin used and a 0.03 mm thick layer printing. To perform the printing, the designed model shown in Figure 3 is edited and saved in an appropriate printing format. Before starting the impression, the printing platform of the Elegoo printer is calibrated and the resin container is filled with 100 mL of Anycubic resin (Figure 6). At the end of the printing, the platform is dismounted from the equipment and all the resin excess is removed. To eliminate the resin inside the MFD channels, isopropyl alcohol is injected through both inlets until the resin is completely expulsed. Once the resin excess has been removed from the channels, air is injected for 10 min to ensure that no liquid remains inside and the microfluid device is ready to use.



The three devices obtained with different fabrication methods are shown in Figure 7. The devices are compared for analysis in the following sections.





2.3. Modeling


According to Figure 3, the MFD has 2 inputs for the injection of the   Q c   and   Q d   flows and one output for the collection of the microparticles generated. The MFD was designed with a diameter of 1.6 mm for each input, and a channel length of 3 mm for the   Q c   and 2 mm for the   Q d  . A conical reduction is applied for each channel decrease, with a length of 2.75 mm and a new diameter of 0.8 mm for the   Q c   line, while the reduction length is 2 mm with a new diameter of 0.4 mm for the   Q d  . The microchannels with new diameters for the   Q c   and   Q d   flows continue for 3.5 mm and 0.6 mm, respectively. The T-junction microchannels crossing occurs at 2.25 mm along the length of the   Q c   line. Just 1.25 mm after the generation zone (T-junction), the microchannels expand immediately to a diameter of 1.5 mm in order to avoid handling high pressures once the microparticles are formed (Figure 8). The channel with the new diameter and 30 cm length forms the photopolymerization zone. This zone has 4 turns with a 180° angle. Additionally, adaptations were added to each input and outlet of the MFD with a length of 5 mm, as shown in Figure 3, in order to couple the injection tubes and avoid leaks. The design used in the present research proved to be useful, in a simulated and practical way, for the microparticles generation, and therefore the model was selected to carry out the three MFD fabrication methods comparison.



For a better MFD microchannel surface roughness analysis and its effect on the generation of macroparticles, a series of simulations were performed with Computational Fluid Dynamics (CFD) Software COMSOL 5.6. In order to achieve greater certainty in the analysis, the actual properties of each fluid used are presented in Table 1.



The flow rates for the continuous and dispersed phase flows were 0.25 mL/min and 0.025 mL/min, respectively. These values were obtained experimentally according to the continuous microparticles generation.



Two interfaces are used in the study, one for laminar flow and the other for level adjustment. Due to the flow study nature in the microparticles generation using two immiscible fluids, Navier–Stokes Equations (2) and (4) are used. In Equation (2), the   F  s t    term represents the surface tension force between the two immiscible fluids (mineral oil and PEGDA prepolymeric solution) with a value of 36 mN/m [36]. When working with immiscible fluids, a level adjustment (Equation (3)) is necessary to adjust the level set variable,  ϕ , which takes values between 0 and >0.5 for the continuous phase and <0.5 to 1 for the dispersed phase [37,38,39].


  ρ   ∂ u   ∂ t   + ρ  ( u · ▽ )  u = ▽ ·  [ − p I + μ  ( ▽ u +   ( ▽ u )  T  )  ]  +  F  s t   ,  



(2)






  ρ   ∂ ϕ   ∂ t   + u · ▽ ϕ = γ ▽ ·  ( ϵ ▽ ϕ − ϕ  ( 1 − ϕ )    ▽ ϕ   | ▽ ϕ |   )  .  



(3)






  ▽ · u = 0 ,  



(4)




where:




	
u = velocity (m/s);



	
t = time (s);



	
P = pressure (Pa);



	
  F  s t    = interfacial tension force (mN/m);



	
I = identity square matrix (order 3);



	
T = matrix transposition;



	
 ϕ  = level set function;



	
 γ  = reset parameter;



	
 ϵ  = thickness control parameter.








As can be observed, the equations of each interface require, in addition, different parameters necessary to adjust and control the operating conditions that must be specified for the correct simulation of the generation of mps. One of these parameters is the level set function, which is represented by Equations (5) and (6), which acquires different values depending on the fluid to which it refers.


   ϕ 0  =  1  1 +  e   −  D  w i    ϵ      



(5)






   ϕ 0  =  1  1 +  e   D  w i   ϵ      



(6)




where   D  w i    is the distance to the initial interface. Thus, at the beginning of the simulation, when the flows are not yet mixed to form the droplet,   D  w i    can be considered a large value. Typically, therefore, fluid 1 is given a value of  ϕ  = 0, being then the mobile (oily) phase, while fluid 2 has a value of  ϕ  = 1, being the dispersed (aqueous) phase.



Other parameters required for the simulation are density and dynamic viscosity. Although the fluids are immiscible and have different densities and/or viscosities, the simulation requires a modified value for the level set function to define the boundary conditions between the two liquids. Equations (7) and (8) are used to obtain the modified value of the density and dynamic viscosity of each fluid by the program. In this way, the density and viscosity of fluid 1 or 2 will have a minimal but real alteration on the surface of the formed mps considered in the simulation calculations.


  ρ =  ρ 1  +  (  ρ 2  −  ρ 1  )  ϕ  



(7)






  μ =  μ 1  +  (  μ 2  −  μ 1  )  ϕ  



(8)







Finally, the surface tension force parameter is affected by the curvature that is generated when the two fluids come into contact, and the mobile phase begins to drag the dispersed phase until the microdroplet is generated. In addition, this process is also influenced by the surface gradient factor since the initial contact surface of the dispersed phase is smaller than the contact surface of the generated microdroplet. Thus, Equation (9) represents the surface tension force plus the interface of the dispersed phase and the mobile phase with respect to the curvature of the microdroplet.


   F  s t   = σ δ k n + δ  ▽ s  σ  



(9)






   ▽ s  =  ( I − n  n T  )  ▽  



(10)






  δ = 6 | ▽ ϕ | | ϕ ( 1 − ϕ ) |  



(11)






  σ =   2  2   3   λ ϵ   



(12)






  k = − ▽ · n  



(13)




where:




	
 σ  = coefficient of surface tension (N/m);



	
n = unit normal to the interface;



	
k = curvature;



	
 δ  = delta of Dirac located at the interface (m    − 1   );



	
  ▽ s   = gradient surface operator.








Additionally, a schematic diagram demonstrating the application of the government equation and boundary conditions for the simulations is shown below (Figure 9). The level set function will hold the boundaries of   Q d   according to the conditions and characteristics processed by the above equations. Once the boundary conditions are obtained, the program performs a series of iterations to obtain the   Q d   magnitude in interaction with the   Q c  . Finally, due to the boundaries processed by the level set function in interaction with continuous fluids governed by the Navier–Stokes Equation (2), spherically delineated interfaces are obtained due to the nature of the fluids. The advantage of the level set method is that numerical calculations involving curves and surfaces can be performed on a fixed Cartesian grid without having to parameterize these objects, which makes it useful for this continuum system.





3. Results


Images of the microfluidic device sections fabricated with the different methods were obtained using an optical microscope and scanning electron microscopy (SEM). Three significant sections in the MFD were selected for the analysis: the T-junction, curved section, and straight section. Each one of the MFD segments was cut in half after being printed. Halved samples were sonicated in distilled water for SEM analysis. Additionally, Figure 10 shows the cut of the front section of the microchannel fabricated with the three methods mentioned above.



The layers of the microchannel fabricated by the UV resin method are abundant and consistent, with small irregularities on the surface. The PLA filament method shows few layers with a considerable thickness (greater than 100  μ m), generating large rungs between steps and irregularities in the layers. The proposed PDMS lithography method using a PLA filament for the generation of the microchannel reveals an excellent coupling of the PDMS to the PLA filament; however, the generated microchannel exposes large irregularities on its surface due to the deposition of the PLA filament used, generating a jagged geometry on the walls of the microchannel.



The scanning electron microscope was adjusted to use values of 15.0 kV for the accelerating voltage for the electrons (HV), 30 mm for focal length of the objective lens (WD), 1.2 to 6 mm for the field of view, and 50× to 180× for the magnification scale. The optical microscope objective lenses used were 4.0×/ 0.10 and 10×/0.25 with brightfield (BF) contrast illumination.



3.1. PDMS Image Analysis


The T-junction section for the PDMS-fabricated MFD shows a lack of symmetry and inconsistency in the conical reduction (Figure 11a). The surface shows a large step in conical reduction, and, furthermore, it shows a discontinuous stepwise tapering. The MFD curved section is an area that presents considerable roughness related to the fabrication method implemented. The PDMS-fabricated MFD shows a stepped surface relief (Figure 11b), where each step does not seem to present a considerable roughness. However, it shows how the surface conserves a continuous roughness over the entire fabricated section. The MFD straight section roughness is lower than the previous sections since the geometry is not complex for its fabrication. The PDMS microfluidic device relief is stepped; however, on this occasion, Figure 11c does not show outstanding roughness on the microchannel surface. Irregularity and imperfections are observed on the microchannel surface; nevertheless, compared with previous sections, the roughness is apparently minor.




3.2. PLA Image Analysis


The MFD fabricated with PLA shows overlapping layers forming the microchannels. The conical reduction was successfully printed; however, the T-junction should have straight edges forming a 90° angle without a curved union between microchannels, as show in Figure 12a. A T-junction with such pronounced curvature at the microchannels intersection will lead to problems in flow manipulation. The MFD manufactured with PLA shows a uniform geometry in the upper layers; however, the lower layers that form the microchannel base show irregularities and deficiencies in the PLA filament deposition (Figure 12b). The microchannel surface observed at higher magnification exposes its roughness, showing small grooves and irregular relief. The greater consistency in the upper layers of the PLA MFD is a flow advantage; however, the lower layers still show irregularities (Figure 12c). It is possible to appreciate a cavity between each filament PLA layer. This cavity is constant along the entire MFD microchannel.




3.3. UV Resin Image Analysis


The MFD with UV resin shows a continuous conical reduction without irregularities (Figure 13a). The T-junction between microchannels show partially straight edges that allow the formation of a 90° angle. The microchannel surface observed shows layers overlapping on top of it, such as steps, which generate roughness for both microchannels. The UV resin microchannel shows a greater number of layers than the other two methods above (Figure 13b). The curved section demonstrates a greater amount of irregularities and roughness. Each of the layers that make up the curvature is unequal and its contour presents a serrated geometry. Finally, the MFD fabricated with UV resin shows consistency in the printed layers, observed in Figure 13c, which represents lineal and uniform strokes. Figure 13c shows that there is no cavity between the layers, and the microchannel surface has no prominent roughness or irregularities. Although the layers show a stepped impression, each layer surface does not present a significant roughness in this section.



The roughness shown in the MFD fabricated with PDMS is attributed to the type of filament used for microchannel generation inside the MFD and to its printing quality. This filament is used for device fabrication by PLA extrusion; therefore, the roughness shown by it is not only related to printing quality but also to the cooling time between layers and filament malleability. The MFD manufactured with resin shows stepped sections as a result of the printing method, which overlaps layers to generate the structure. These layers overlapping implies a reduction in the smoothness that can be found between each printed edge.




3.4. Simulation


The simulation reported in the present work was performed using COMSOL 5.6 multiphysics software. The geometry applied for the computational model is shown as a T-junction used in the microparticles generation. The simulated section diameters and lengths have the same dimensions as the T-junction designed for the present investigation (Figure 8). The T-junction was simulated from the microchannel reduction edge to use the smaller diameters. The simulations presented in this research were performed with a surface roughness based on the printer resolution of the UV resin method used, as shown in Figure 14. Therefore, the simulated roughness was represented by superficial alterations with a maximum average value of 30  μ m. A lower limit and an upper limit with a separation of 30  μ m were used. These limits delimited the area where the traces were made to draw the model used in the simulation.



Flow analysis for the T-junction MFD demonstrates immiscible phase behavior when two phases interact. Figure 15, Figure 16 and Figure 17 represents the flow simulation using red arrows pointing in the flow direction. The higher the density of arrows is, the higher the flow velocity and pressure are. Figure 15a shows the simulation beginning at 0.05 s, when both phases start to move, and a small flow gradient can be appreciated by the amount of arrows accumulated near the microchannel walls. Figure 15b illustrates how the   Q d   starts to behave as a spiral flow and is entrained by the   Q c   at 0.18 s.



At 0.32 s, the   Q d   invades the   Q c   microchannel, increasing velocity at the microchannel walls and developing the   Q d   spiral flow, as shown in Figure 16a. The velocity increases, especially in the sections with surface roughness that block the phase free flow. Figure 16b, at 0.39 s, illustrates how the   Q c   detaches small droplets from the   Q d  . It is possible to appreciate how the microchannel wall roughness stagnates droplets detached from the   Q d  . Stagnations caused by microchannel roughness generate spirals in flow and velocity gradients.



The microparticles’ detachment occurs at 0.45 s, and Figure 17a reveals an increase in flow velocity in the   Q d   microchannel bottom right part. This increase in velocity is related to the shear stress that is necessary for detachment and microparticle formation. In Figure 17b, at 0.47 s, a spiral flow increase inside the   Q d   is observed, while it decreases in detached microparticles. On the other hand, it is possible to observe that microchannel roughness causes detachment of the   Q d   and two small fractions stagnation just after its detachment.



In all three figures, it is possible to observe how the density of arrows remains close to the microchannel walls. This is caused by the microchannel roughness obstructing the flow, causing slight stagnation that must be displaced, resulting in an increase in flow velocity.





4. Discussion


The observations drawn from this analysis of microchannel fabrication methods highlight the complexities associated with each method. Examination of the microchannel structures and surface irregularities resulting from these various methods provides valuable perspectives on the potential advantages and limitations of each technique. In PDMS-fabricated MFDs, the roughness can be attributed to both the PLA filament type employed for microchannel generation and the quality of printing. The filament used for PLA extrusion affects roughness due to printing quality, cooling time between layers, and filament malleability. In contrast, MFDs manufactured with resin exhibit stepped sections due to the layer-overlapping printing method, impacting the smoothness between each printed edge. To improve the print quality of the PLA filament, a smaller needle tip could be used in order to make the channel traces obtained fit better to the circular shape of the microchannel. On the other hand, the PLA filament is biodegradable and could be treated with solvents such as acetone or alcohol to smooth out the roughness of the print before being immersed in PDMS. A wide variety of extrusion or resin 3D printers are available today with useful enhancements and options with which finer prints could be achieved. Another option is to change the orientation of the printing, and, depending on the design, the printed layers and line or layer tracing could reduce the roughness. Again, a post-treatment by injecting solvents that abrade the surface of the microchannels is a good option. However, to use these treatments, the initial diameter of the MFD just printed and the final diameter post-treatment should be taken into account since the idea is to abrade the walls of the microchannel. In summary, the analysis of MFD sections crafted using diverse methods unravels a spectrum of structural intricacies and roughness patterns. These observations highlight the interplay between fabrication techniques, materials, and resulting surface characteristics, underlining the need for careful selection and optimization of methods for specific MFD applications. The simulation analysis explores the complex flow dynamics within the microfluidic T-junction device. The study reveals the complex behaviors, stagnations, and influences of surface irregularities on flow patterns and microparticle detachment within the microchannel system. This can cause problems with microparticle monodispersity, deformation, and blockage in the microchannels. On the other hand, the roughness presented by these manufacturing methods could be useful for those systems, such as microreactors, in which mixing efficiency is required or the monodispersion of mps is not important.




5. Conclusions


This research investigated microchannel surface roughness using three fabrication methods: PDMS, filament extrusion, and 3D photopolymerizable resin printing. PDMS resulted in continuous roughness, PLA filament extrusion showed uniform indentations, and resin printing decreases roughness but had lingering effects. It is important to note that the PDMS lithography method using the PLA filament, as opposed to the conventional SU-8 method, significantly influenced the final roughness of the device. However, the use of PLA can be a more economical and environmentally friendly approach for MFD (microfluidic device) fabrication. It is possible that the surface roughness of the microchannel fabricated with this method could be improved by using a thinner and more precisely printed PLA filament. Flow simulations indicated roughness-induced disturbances and resistance, mainly at the microchannel bottom. Spiral flows from obstructions impacted velocity and direction, affecting microparticle generation. To optimize the performance of microfluidic devices (MFDs), it is vital to consider roughness. Future research should refine fabrication, explore new techniques, and minimize roughness effects on MFD flow behavior.
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The following abbreviations are used in this manuscript:



	MFD
	Microfluidic device



	PEGDA
	Polyethylene glycol diacrylate



	PDMS
	Polydimethylsiloxane



	PLA
	Polylactic acid



	UV
	Ultraviolet light



	SU-8
	Bisphenol A novolac epoxy



	  Q d  
	Dispersed phase flow



	  Q c  
	Continuous phase flow



	CFD
	Computational fluid dynamics



	SEM
	Scanning electron microscopy
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Figure 1. Schematic diagram that features the flow effect inside a pipeline. (a) In a microscale, where  δ x is the boundary layer thickness parameter and  ε  is the surface roughness; (b) in rough walls where plug flow is enhanced by surface roughness; and (c) in smooth walls where the flow moves with lighter friction caused by the channel walls without obstructing its direction. Even in smooth pipes, the friction factor is not zero. It does suggest that there will be a loss in flow velocity no matter how smooth the surface is. Nevertheless, the flow improves the velocity profile when the wall is less rough. 






Figure 1. Schematic diagram that features the flow effect inside a pipeline. (a) In a microscale, where  δ x is the boundary layer thickness parameter and  ε  is the surface roughness; (b) in rough walls where plug flow is enhanced by surface roughness; and (c) in smooth walls where the flow moves with lighter friction caused by the channel walls without obstructing its direction. Even in smooth pipes, the friction factor is not zero. It does suggest that there will be a loss in flow velocity no matter how smooth the surface is. Nevertheless, the flow improves the velocity profile when the wall is less rough.



[image: Coatings 13 01676 g001]







[image: Coatings 13 01676 g002] 





Figure 2. Schematic diagram of MFD to microparticle generation and approach to T-junction. (a) The MFD zones can be incorporated into a single device or can be separated into two devices: one of them is associated with the inlet and the droplet generation zone while the other is constituted by the photopolymerization and outlet zone. (b) The continuous phase flow microchannel diameter (  ⌀  Q c   ) must be larger than the dispersed phase flow diameter (  ⌀  Q d   ) to obtain the formation of a microparticle. Green LEDs are under the transparent MFD. 
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Figure 3. Schematic diagram of the designed microfluidic device. The model consists of two inputs, one output, a T-junction, and a microchannel running through the entire device. 
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Figure 4. Fabrication process of an MFD using PDMS. The process is shown as: (a) printing of the required geometry for the microchannels, (b) immersion of the geometry in a container with PDMS and then heating to 60 °C, and (c) filament removal with a solvent solution. 
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Figure 5. Fabrication process of an MFD using a polymer filament (PLA). The filament is fed through the extruder, which increases its temperature to deposit, through a needle, a thinner strand of PLA on a printing platform. The extruder moves over the printing platform to complete the design to be printed. 
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Figure 6. Fabrication process of the MFD by 3D printing. The Elegoo Mars Pro printer performs its printing (I) by immersing its printing platform in the resin until it touches the transparent film, (II) shading starts on the LCD screen to allow only the resin layer with the UV-illuminated area shape to solidify, (III) the printing platform rises to allow the resin to cover the transparent film again completely, (IV) once again the printing platform descends back down to above the last cured resin layer, (V) it starts printing the second resin layer onto the previously printed one, and (VI) the printing process is repeated until all layers of the design have been printed. 
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Figure 7. MFD fabricated by three different methods. The microfluidic device (a) printed with resin shows similar transparency to the MFD printed with PDMS, while the MFD (b) printed with PLA shows the lowest transparency compared with both the others. On the other hand, the PDMS-printed MFD (c) has the highest transparency among the three methods employed. 
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Figure 8. Flow direction and dimensions for T-junction used. There is an increase in the microchannel diameter, from 800  μ m to 1.5 mm, once the T-junction section ends. The X represents the photopolymerization zone with a 30 cm length. 
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Figure 9. An example use for level set function: (a) represents the limits determined by the program calculations dependent on the values provided by the user (material features), while (b) represents the boundary or interface development between the materials used for the simulation. 
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Figure 10. Frontal cut made to the microchannels fabricated with the three different methods. (a) The layers in the UV resin method contain small surface irregularities. (b) The PLA filament method generates large jumps between steps. (c) The proposed method of PDMS lithography with PLA exposes large irregularities on the surface. 
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Figure 11. Roughness of microchannels manufactured with the PDMS method. (a) T-junction showing discontinuity in its surface and in the reduction of its junction. (b) Curved section showing a stepped surface with appreciable roughness. (c) Straight section of microchannel showing an improvement in the reduction of roughness but still presenting a stepped relief. 
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Figure 12. Roughness of microchannels manufactured using the PLA method. (a) T-junction showing a cracked surface and irregularities in the extrusion of the layers, causing a notorious roughness. (b) The curved section of the microchannel shows a good placement of the upper layers, reducing its roughness; however, the bottom shows a considerable roughness. (c) The straight section of the microchannel shows good results in the upper layers but presents the same problem in the lower layers as the curved section. 
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Figure 13. Roughness of microchannels manufactured using the UV resin method. (a) The T-junction shows a minor and stepped roughness; however, the steps are hardly noticeable. (b) The curved section in contrast shows a pyramidal surface structure, which causes an even more prominent roughness in the upper layers. (c) The straight microchannel section shows a bottom with no apparent roughness and a stepped surface that keeps its surfaces smooth, so it is the section with the least roughness. 
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Figure 14. Microchannel wall roughness. The schematic representation forming the T-junction was designed with surface disturbances to replicate the surface roughness. All disturbances maintain a value between 0 and 30  μ m. 
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Figure 15. Simulation in 0.0 to 0.20 s time. Velocity at the lower   Q c   microchannel walls increases in both cases. (a) Initiation, flow injection. It is possible to appreciate a flow increase in   Q d  . (b) Reveals the   Q d   dragging by the   Q c   and the spiral flow generation for the   Q d  . The arrows indicate a one-way parallel flow of liquids that transforms into vortices that recede or stagnate mainly on the surface (wall) of the microchannel and inside the generated mps. 
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Figure 16. Simulation at 0.30 to 0.40 s. Numerical analysis results shows the flow behavior, as in (a) displays an increasing   Q d   spiral flow tendency, and (b) is a microchannel extension in which droplet stagnation is detached from the   Q d   and the velocity gradient caused by the flow interacting with them can be appreciated. The arrows indicate a one-way parallel flow of liquids that transforms into vortices that recede or stagnate mainly on the surface (wall) of the microchannel and inside the generated mps. 
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Figure 17. Simulation at 0.45 to 0.50 s. Results show that (a) there is a   Q c   invasion in the   Q d   microchannel lower left part, which causes a shear stress between both phases, while in (b) there is a decrease in the flow velocity in the   Q c   microchannel lower part due to a decrease in pressure by the   Q d  . The arrows indicate a one-way parallel flow of liquids that transforms into vortices that recede or stagnate mainly on the surface (wall) of the microchannel and inside the generated mps. 
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Table 1. Basic material properties used for flow analysis.
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Basic Material Characteristics [COMSOL]




	
Feature

	
Hydrogel Solution

	
Mineral Oil






	
 μ  (Pa · s)

	
8.9 ×   10  − 4   

	
3.0 ×   10  − 2   




	
 ρ  (kg/m   3  )

	
1.0 ×   10 3  

	
8.7 ×   10 2  




	
Thermal conductivity (W/m k)

	
0.598

	
0.106




	
Thermal capacity (J/kg k)

	
4184

	
1670




	
Adiabatic expansion coefficient

	
1.0

	
1.17
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