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Droplet microfluidics, which is the manipulation and handling of fluid in microscale channels, has excellent applications in material science, chemical synthesis, genetic analysis, drug discovery and delivery, organ on chips, and tissue engineering. Consequently, this field has attracted significant attention from both academic institutions and industries. However, one of the major constraints is increasing the droplet production rate from a single generator to thousands of generators in order to move from a laboratory scale to industrial standards. Although the scale-up method (in this case, parallelization) of droplet production using theoretical calculations has been extensively investigated, it has been discovered to be occasionally unreliable during experiments. The use of computational fluid dynamics (CFD) simulation, which has recently been applied to droplet microfluidics, has helped to determine the exact factors and conditions required for uniform droplet formation in flow-focusing devices. Thus far, there has been limited study on the simulation of distribution structures that effectively supply fluids to microfluidic devices in parallel orientation. In this study, CFD is used to provide detailed insights into the conditions required to achieve uniform fluid distribution in the delivery and/or distribution channel of microfluidic devices, and experimental analysis is used to further validate the findings.
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INTRODUCTION
Microfluidics has proven to be a very powerful tool with applications in many fields, including medicine, chemistry, and biology (Whitesides, 2006; Neethirajan et al., 2011; Liu and Jiang, 2017; Nielsen et al., 2019). This multipurpose microscale technology started as single-flow systems and evolved into more sophisticated systems based on a two-phase flow, such as droplet-based systems. Two-phase systems consist of two immiscible fluids called the continuous phase (CP) and dispersed phase (DP), both of which form an emulsion droplet. Additionally, these emulsion droplets formed by microfluidic devices act as microreactors for chemical synthesis and biochemical assays (Seemann et al., 2011; Sohrabi and Moraveji, 2020; Wu et al., 2022). Droplet-based microfluidics has emerged as a promising technology in various fields because of its advantages such as efficient fluid manipulation, precise droplet size control, and fast reaction times. This method can produce highly monodisperse droplets and has an inherent capability for increased throughput and scalability. Typically, droplet formation in microchannels hinges greatly on dimensionless parameters such as the Reynolds number and capillary number (Ca). This is because fluid dynamics in microchannels is very complex since the flow type is laminar, indicating a low Reynold number (Beebe et al., 2002). Under this flow condition, microfluidic devices allow for precise control of Ca under the delicate balance between surface tension and viscous forces, making it possible to form highly uniform droplets.
Although some droplet generators (e.g., co-flowing, T-junctions, flow-focusing, and step emulsification) have been developed for producing monodisperse emulsions, a major drawback has been to increase the production rate of these microfluidics systems from a single generator to multiple generators. An existing method for scaling up the volumetric production rate of emulsion droplets is the parallel integration of droplet generator units, which allows the operation to be performed using a single set of injection ports (Romanowsky et al., 2012; Jeong et al., 2015; Yadavali et al., 2018). This method has been widely used to address the low production rate by adopting the two most common methods for uniform distribution of fluids: tree-like branching and ladder-like networks (Jeong et al., 2016; Han et al., 2017; Tottori and Nisisako, 2018; Yi et al., 2022). In tree-like geometries, channel networks can evenly and symmetrically divide fluids into branched channels and increase the number of droplet generators by starting from one inlet for each phase without considering the hydraulic resistance of each channel (Jeong et al., 2016). However, the uniform flow distribution can be easily broken by poor asymmetric distribution due to the clogging of the channel. Ladder-like networks are designed in such a manner that the rows consist of delivery channels and the flow-focusing generators (FFGs) are attached to the rows at equal distances. To achieve a uniform flow rate in all the generators, ladder-like networks operate on a design law similar to that of an electric circuit model (Romanowsky et al., 2012). Ladder-like networks offer two significant advantages over tree-like geometries. Ladder-like networks allow for the parallelization of droplet generators with extremely high densities. Additionally, clogging droplet generators are not significant for fluid distribution because the resistance ratio between the distribution channel and droplet generator is sufficiently large (Wu et al., 2021). However, there are several concerns regarding its authenticity, particularly when numerous generators are connected. This is because the law governing fluidic resistance requirements for the devices tends to fail when dealing with complex designs. In an attempt to solve this problem, the use of flow resistors was incorporated into a ladder-like design in a previous study to nullify the fluidic resistance requirement (Yadavali et al., 2018). Flow resistors typically have higher resistances than droplet generators, allowing the devices to be mainly operated in the dripping regime even at high flow rates regardless of the number of connected devices. Although this method has been demonstrated to be suitable for enhancing the uniformity of emulsion droplets, there is still potential for developing large-scale droplet production techniques without comprising device performance.
Flow maldistribution in densely packed generators has a substantial effect on the uniformity of droplets. This issue has decreased the efficiency and production rate of these devices. Computational fluid dynamics (CFD) has been used to solve several limitations encountered during experiments by employing software such as ANSYS, OpenFoam, and COMSOL Physics. CFD has replaced the conventional theoretical method by combining numerical, analytical, and modeling approaches to predict experimental results by simulating complex phenomena such as heat transfer, mass, and fluid flow (Malekjani and Jafari, 2018; Zawawi et al., 2018; Han et al., 2019; Bhatti et al., 2020). Numerous simulation studies have been conducted on the operating conditions governing droplet formation during experiments (Rahimi et al., 2019; Sontti and Atta, 2019; Hernández-Cid et al., 2020; Sartipzadeh et al., 2020). Although these studies focused on a single channel, studies on the numerical simulation of multi-devices are still lacking, particularly those involving the parallelization of devices in ladder-like distribution networks (Tottori and Nisisako, 2018). Fluid flow simulation in both distribution networks will not only help to eliminate the need for flow resistors in densely packed generators but will also provide the best conditions for generating uniform droplets.
In this study, we numerically and experimentally investigate effective parameters for the even distribution of fluids to individual FFGs and devices for parallel generation of monodisperse droplets. First, the parallelization of FFG-to-FFG and device-to-device was designed by integrating a ladder-like distribution and delivery network. We use CFD simulations to describe the optimal conditions for producing highly monodispersed water-in-oil (W/O) droplets in these devices. We apply the numerical results to attempt to operate microfluidic devices for parallel droplet generation using 8 FFGs (one device) and 32 FFGs (four devices). For this purpose, we fabricate microfluidic devices with parallelized FFGs using the double-sided imprinting method employed in our previous work (Jeong et al., 2015). For device-to-device parallelization, three-dimensional (3D) printing was used to fabricate two types of ladder delivery channels with rectangular and circular geometries. In addition to the fact that this approach eases fabrication and experimental challenges such as trial-and-error testing of devices, it also provides a foundation for advanced research into droplet microfluidics involving thousands of generators.
DESIGN AND METHODOLOGY
Microfluidic device design
We designed an 8-FFG device using the ladder geometry comprising distribution and fluidic layers. The top layer was made up of three rectangular reservoirs measuring 20.3 mm, 6 mm, and 1.5 mm in length (l), width (wd), and height (hd), respectively. The reservoirs consisted of two distribution channels (CP and DP) and a single outlet channel for the collection of emulsion droplets (Figures 1A,B). The fluidic layers, which contained eight FFGs, were connected to the distribution channels via intermediate holes with a diameter and height of 0.4 mm and 0.4 mm, respectively. Both the oil and water phases passed through the intermediate holes to each FFG, and the generated droplets were collected at the outlet channel. The eight FFGs at the bottom layer had a fixed height (hg) of 40 µm, while the length (lg) and width (wg) for the CP, DP, orifice, and outlet were configured differently. The dimensions for the CP were as follows: lg = 5,955 µm and wg = 90 µm; DP: lg = 2,170 µm and wg = 90 µm; outlet: lg = 5,180 µm and wg = 200 µm; and orifice: lg = 150 µm and wg = 90 µm. The rectangular and circular channels were designed using Autodesk Inventor. The dimensions were carefully chosen in line with the scaling law of fluidic resistance (Supplementary Table S1). The dimensions were specifically chosen as a design criterion for parallelized generators in the ladder-like distribution network (Eq. 1):
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where Ng is the number of droplet generators, Rd is the fluidic resistance of the distribution channels, and Rg is the fluidic resistance of the FFGs. Eq. 1 is based on the flow resistance model (Figure 1B). In our design, we find that Rd [image: image] Rg such that Rd/Rg = 3.01 × 10−7, a value that is also <0.01. Since the FFGs and distribution layers had a rectangular geometry, their fluidic resistances are calculated as
[image: image]
where l, w, and h are the length, width, and height of the channels, respectively, and µ is the dynamic viscosity of the fluid. According to the design rule, the horizontal distance between two FFGs is used as length, ld for the delivery channel instead of its total length. As shown in Figure 1B, Q1, Q2, …., Q2N are the flow rates of each phase passing through the intermediate holes. This arrangement is done such that the variation in the flow rate ratio (Q1/QN) across the connected FFGs was approximately 1.
[image: Figure 1]FIGURE 1 | Overview of the parallelized microfluidic device design. (A) Schematic top view of the 8-FFG showing the delivery channels for the CP, DP, and outlet. (B) Theoretical frameworks for the hydraulic resistances in the ladder design for the droplet generators with a parallel arrangement. The horizontal lines with Rd represent the delivery channels, while the vertical lines attached to the horizontal lines represent the FFGs with Rg. The flow rates (Q1, Q2 …. QN) of each device are uniform such that QN = N (Rd/Rg) for N FFGs. (C) Side view of the droplet generator. (D) Step-by-step procedure of the device fabrication process using a combination of photolithography and soft lithography.
We calculate the fluidic resistance for the circular geometry (Rv) using the following equation:
[image: image]
where L is the length, and d is the diameter of the channel. As shown in Supplementary Table S1, both geometries had the same fluidic resistance ratio (0.0038). The designs were then exported to .STL format and transferred to the 3D printing software, GrabCAD Print (Stratasys, United States). Subsequently, both structures were printed using an Obje30 polyjet printer (Stratasys, United States) with VeroClear resin and supporting materials (Stratasys, United States), and this process took about 30 min. To remove the supporting materials, the two printed devices were sonicated in a beaker containing a mixture of sodium hydroxide beads and sodium metasilicate anhydrous (Sigma-Aldrich, United States). Both geometries were further exposed to ultraviolet (UV) light for 1 h to harden and prepare them for use (Supplementary Figure S1).
Microfluidic device fabrication
We followed the same procedure that was used to fabricate 3D monolithic elastomer devices (MEDs) aimed at solving issues with the alignment and stacking of FFG devices in our previous study (Jeong et al., 2015). This approach enables robust fabrication by employing a hard silicon master for the FFG and a soft Polydimethylsiloxane (PDMS) master for the distribution layer. The whole fabrication process consists of both photolithography and soft lithography and is divided into three stages (Figure 1D). Our devices were fabricated by following the standard procedure of the manufacturer (Kayaku Microchem). For the fluidic layer, a negative tone photoresist SU8-3,050 (Nippon Kayaku, Japan) was first spin-coated on top of an Si wafer. Thereafter, baking was performed at 95°C for more than 20 min. The photomask containing the FFG pattern was UV-exposed on the Si wafer located in the bottom layer using a mask aligner (PROWIN E100, South Korea) (Figure 1D; step I). For the intermediate holes, a negative photoresist was spin-coated on the first SU-8 layer. Subsequently, the pattern containing the intermediate holes was aligned and UV-exposed on the FFG, forming a multi-height design. The multi-height patterns were then baked at 95°C for 12 h, and the development process was performed. The mold was placed in a glass beaker containing a SU-8 developer (AZ 1500 thinner, Merck, United States) and rinsed with isopropyl alcohol (IPA) and deionized (DI) water simultaneously.
A similar procedure to step I was performed to produce the soft PDMS master. To produce the soft master, a solution of a PDMS prepolymer and a cross-linker mixed in a 10:0.5 ratio was poured onto the SU-8 pattern and cured overnight at 70°C (Figure 1D, step II). In the last stage (Figure 1D, step III), the soft PDMS master was aligned on the FFG microchannels, both of which contained the PDMS solution, and they were cured at 70°C for 12 h. To create the final microfluidic device, a thick PDMS layer was bonded to the distribution layer using a plasma cleaner (model PDC-002, Harrick Plasma, United States) for 10 min. Similar to the distribution layers, the fluidic layer was plasma-bonded to a thin layer of PDMS or glass substrate and subsequently cured overnight. In all cases, the silicon master molds were silanized using tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane.
Scale-up design
We introduced a versatile technique by employing the PolyJet 3D printer (Objet30, Stratasys) to fabricate structures in order to increase the number of FFG devices and ultimately enhance the production rate of emulsion droplets. Two different delivery channels with rectangular and circular geometries were fabricated using a flowchart design. Both geometries were designed in accordance with the fluidic resistance requirement for rectangular and circular channels (Supplementary Figure S1). The printed devices had one inlet, one main body, and four exits that connected the CP, DP, and outlet channels of each device (Supplementary Figures S1A,B). This configuration suggests four devices can be conveniently attached to the four exists, increasing the total number of FFGs from 8 to 32.
Computational fluid dynamics simulation
We employed the commercially available simulation software ANSYS Fluent 2022 R1 (ANSYS, United States) to investigate fluid distribution patterns in the delivery and distribution channels in our device. Briefly, the models for the delivery channels and printed devices were designed using AutoDesk Inventor 2022 (Autodesk, United States). The output files were then exported in igs format and meshed in the ANSYS environment. Supplementary Figure S2A depicts a typical example of a meshed object. For fluid dynamics, water was selected as the working fluid with a density of ƞ = 9,998.2 kg/m3 and a viscosity of µ = 0.001003 kg/ms. The principal laws and mathematical framework for the fluid analysis are provided in the supplementary information. The meshed structure was then subjected to some sets of boundary conditions for the inlet, wall, and outlet ports in a fluent solver. Since the fluids of interest are oil and water, we used the incompressible Newtonian fluid laws under the laminar regime. The principal laws governing two nonnewtonian fluids are the incompressible Navier-Stokes equation (Eq. 1) and the continuity equation (Eq. 2).
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Supplementary Table S1 contains the definitions for the set of parameters used in both equations. We chose water as the fluid for CFD analysis.
Materials and experimental set-up
Each injection port of the delivery channels was connected to a syringe pump via polyethylene tubes. The CP consisted of a mixture of hexadecane (Sigma-Aldrich, United States) and 2 wt% of ABIL EM-90 (Evonik- Personal Care, United States), whereas the DP was DI water. The syringe that contained the oil phase was first infused into the device until all channels were filled. After 1 min, DI water was introduced, resulting in the generation of W/O droplets that were collected at the outlet channels. Real-time observation of droplet generation was conducted using an inverted microscope (Nikon Eclipse Ti2, United States). The produced droplet was captured using the NIS-Elements software integrated with the optical microscope. Finally, the droplet diameter was analyzed and measured using the ImageJ software.
RESULTS AND DISCUSSION
Simulation results
Ladder networks are the most preferred in the parallelization scale-up technique because they have features for generating highly monodisperse droplets. Regardless of the number of FFGs, the condition in Eq. 1 must be satisfied to generate these droplets. An important criterion is to ensure that both the CP and DP fluids are uniformly delivered to the droplet generators via the intermediate holes. Thus, we conduct a 3D simulation analysis on the delivery channels (Figure 2). We investigate the condition for uniformly supplying fluids to each FFG since the transition between dripping and jetting regimes is highly sensitive to flow rates.
[image: Figure 2]FIGURE 2 | Numerical analysis of fluid flow in the delivery channels. The 3D simulation data at heights of (A) 0.5 mm and (B) 1.5 mm. The fluid enters through the inlet, and the velocity gradient observed at port outlets 1–8 provides information about the distribution variation and fluid uniformity. (C) Graph of the coefficient of variation and different hd. The dotted line implies that CV = 5%.
We consider a rectangular distribution channel with dimensions of 20.3 mm × 1.6 mm × 0.5 mm (ld ×wd ×hd) as a prototype design. To investigate the effect of height variations on the fluid distribution pattern, we made the ld and wd of the prototype design constant and varied hd to 0.7 mm, 1.0 mm, and 1.5 mm. We set the flow regime in the CFD environment to laminar and chose water as the preferred fluid. The 3D simulation of these channels provides insights into the hydrodynamic behaviour (in this case, velocity distribution) of the delivery channels. The fluid (i.e., water) passes through the inlet located at the top of the distribution channel and passes through the void space of the channels to the droplet generators (Figures 2A,B; Supplementary Figures S2B,C).
First, we vary the inlet velocity (Vin) from 0.01 to 0.10 m/s and analyse the velocity gradient at the eight exit ports. When Vin is 0.1 m/s, we observe high irregularities in the velocity distribution of the prototype design (Figure 2A). However, the device with hd = 1.5 mm exhibits a well-distributed and uniform flow pattern (Figure 2B). Generally, the degree of nonuniformity of the velocity gradient at the exit holes decreases as the Vin values increased. The high intensity at the inlet (Vin) decreases drastically as it spread through the channel void. We also observe that the outlet velocity (Vo), which is considerably lower than Vin, varying from one port to another (Figures 2A,B). Interestingly, the Vo of the device with hd = 1.5 mm was discovered to be more uniform (CV < 5%) than other channel configurations (Figure 2C). Although all the varied dimensions of the delivery channels satisfy the condition in Eq. 1, our simulation result further confirms its shortcoming. It is worth noting that the fluid variation in the exit holes was at its lowest level when hd = 1.5 mm (CV = 0.84%–4.86%). There is mainly a pressure drop between the inlet and outlet of the delivery channels as the fluid travelled through the void. The pressure loss in the exit ports increases significantly as hd increases from 0.5 to 1.5 mm. Therefore, the fluid velocity in each outlet port is expected to have similar values (i.e., uniform) with respect to changes in the channel geometry. In hydrodynamics, flow maldistribution in microchannels is highly unpredictable, which is a typical nature of the laminar flow. Thus, our findings provide optimal delivery channel dimensions for distributing fluids uniformly into parallelized channels. The integration of CFD in our study helps minimize frequent fabrication errors and experimental failures (Lashkaripour et al., 2019).
Droplet generation in the 8-FFG device
To validate the simulation results, we fabricate four sets of devices with the same height variations (0.5–1.5 mm) that is used in the CFD analysis. Both photolithography and soft lithography techniques are used to evaluate the capability of each device to produce uniform droplets. For this purpose, the flow rates of the DP (Qd) and CP (Qc) are set at 2.5 ml/h and 4 ml/h, respectively. Figure 3 shows the monodispersity of each device in terms of CV. The W/O droplets in our device are produced in the dripping regime at each FFG (Figure 3A). In contrast to a single FFG, parallelized FFGs find it difficult to generate monodispersed droplets in the dripping mode. In the dripping regime, the droplet at the orifice breaks off owing to Rayleigh capillary instability caused by interactions between viscous forces and interfacial tension (Bardin and Lee, 2014). When the device is operated at high flow rates, the polydispersity of the droplets decreases as hd increases (Figure 3B). This result agrees well with the simulated results since it demonstrates that the nonuniformity in fluid flow decreases drastically as the fluid velocity increases (Figure 2C). Experimentally, we observe that the device with hd = 1.5 mm has low CV values (CV = 2.5%) after successive measurement (n) of 100 W/O droplets. More so, the generation rate of droplets at each junction is Based on the above results, we consider this device to be the most suitable and efficient device for uniform droplet generation in this study.
[image: Figure 3]FIGURE 3 | Experimental validation of the simulation result. (A) Optical image of the droplets generated in each FFG captured using an inverted microscope. (B) Graph and optical images of the W/O emulsion droplets from the outlet channels of the 8-FFG device for different hd (0.7–1.5 mm). Qc and Qd were fixed at 4 ml/h and 2.5 ml/h, respectively.
After corroborating the simulated results with the experimental results, we evaluate the role of Ca, a dimensionless parameter that plays a crucial role in generating uniform droplets. Importantly, the formation of droplets relies on the interplay between the inertial forces of the DP, viscous forces of the CP, and surface tension of the two phases (Bardin and Lee, 2014). In this study, Ca was expressed as
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where [image: image] and [image: image] are the viscosity and velocity of the CP, and [image: image] is the surface tension between the two fluids in contact. The velocity parameter, [image: image], is further expressed in terms of the flow rate ([image: image]), width ([image: image]) and height ([image: image]) of the DP. When Qc is maintained at 4 ml/h and Qd is varied from 1 to 3.5 ml/h, the generated droplets are uniform, with Ca = 0.005–0.0018 (CV < 5%). Although the diameter of the droplets increases as Ca increases, the droplets are still monodispersed (Figure 4A). Furthermore, we observe that droplets produced at Ca = 0.005 have the lowest size (78.84 ± 2.13 µm; CV = 2.70%), whereas droplets produced at Ca = 0.01 are more monodispersed (80.35 ± 1.21 µm, CV = 1.47%), as shown in Figure 4B. Using the condition, the droplet generation in the device was calculated to be [image: image] droplets/min. These findings further clarify that our approach is more efficient than the theoretical scaling law of the ladder design. The integration of CFD to complement the limitation of Eq. 1 produced a critical and improved design requirement for parallelized droplet generators in this study. Therefore, we use this strategy together with the optimized experimental condition for the proposed scale-up technique.
[image: Figure 4]FIGURE 4 | Droplet generation in the 8-FFG device: (A) variation in the droplet size as a function of Ca; (B) histogram of the W/O droplets at an optimized Ca of 0.01, with a diameter of 80.35 ± 1.21 µm and CV = 1.47% (n = 100).
Scale-up method for the four devices (32 FFGs)
FFG device stacking used to be a frequently adopted method for increasing the throughput of droplet generation, but it has been replaced by parallelization or a combination of both methods. It has been demonstrated that this technique is more effective and allows for a large number of parallelized FFG devices. First, we investigate the numerical behavior of the fluid flow pattern in the two different geometries (circular and rectangular delivery channels). This is done to ensure that all the connected devices have a uniform distribution of the CP and DP, which is an important condition for generating monodispersed droplets. To evaluate the performance of these delivery channels, the geometries are designed to have the same fluidic resistance ratio (0.0038), as presented in Supplementary Table S2. We obtain the resistance ratio for the rectangular channel by comparing the fluid resistance of the main rectangular channel (Eq. 2) to that of the exit ports (Supplementary Equation S3). Similarly, we apply Supplementary Equation S3 to calculate the resistance ratio of the circular channel (main channel and exit ports). Subsequently, a 3D simulation of the circular and rectangular flow distributors is performed, as shown in Figures 5A,B. We observe that the fluid behavior in both delivery channels was highly uniform, with a CV < 0.5%. The degree of nonuniformity in both geometries decreases as Vin increases (Figure 5C). The circular channel had a more uniformly distributed velocity gradient (0.19% < CV < 0.28%) than the rectangular channel (0.23% < CV < 0.35%). Consequently, we use both delivery channels for experimental validation. We use the 3D printing technology to fabricate ladder-like delivery channels in an experimental attempt to enhance the production rate by parallelizing four devices, each containing eight FFGs. This method allows for rapid prototyping, making it easy to adjust the distributor feature by changing the design using the software. Rectangular and circular delivery channels are fabricated in parallel orientation (Supplementary Figures S2A,B). This printed channel allowed us to conveniently connect our device to the four outlet ports of the reservoirs (4 × 8 FFGs = 32 FFGs). This concept also allows for flexibility and large-scale emulsion production using droplet generators with different designs. It is also important for enhancing uniform flow distribution in distribution geometries, regardless of their shapes or sizes (Park et al., 2018).
[image: Figure 5]FIGURE 5 | Scale-up method for enhancing droplet production via stacking and parallelization using our proposed design for the 32-FFG device. The 3D simulation data of fluid flow in the (A) rectangular and (B) circular distributors. (C) Graph of the simulated data for the circular and rectangular distributors. The velocity gradient distribution in both structures exhibits a highly uniform flow distribution (D) Experimental comparison between the stacking method and the scale-up technique involving rectangular and circular geometries as a function of the CV (n = 300). The devices for each design had a total number of 32 FFGs and were operated under the same experimental condition (Ca = 0.01).
In addition, we compare their performance of uniform distribution with that of the stacked device consisting of four layered devices (Figure 5D). The devices have a single inlet for the CP (hexadecane), DP (DI water), and outlet. A prerequisite is that all connected FFGs produce similar droplet sizes, but this is quite difficult when dealing with a large number of generators. Although the condition in Eq. 1 is affected by variation in the geometrics of FFGs or distribution channels owing to machine and fabrication errors, our fabrication method can minimize variations in channel dimension because the same molds are used for the fluidic and delivery layers. To ensure that the generated droplets are highly uniform, the experimental analysis is governed using the optimized condition for the 8-FFG device (Ca = 0.01). Figure 5D shows a comparison between the stacking method and our proposed scale-up parallelized method (involving circular and rectangular delivery channels). Although all scale-up methods produced uniform droplets (CV < 5%), the circular distributor can efficiently produce highly monodispersed W/O droplets (CV = 3.47%). These results demonstrate that the circular delivery channel can serve as the right design for enhancing the throughput of droplet generators on large scale. Additionally, the production rate can be significantly increased by easily increasing the length and the number of exit ports of the geometry. The number of measured droplets, n for the 32-FFG is 300 and the rate of production was significantly increased to [image: image] droplets/min.
CONCLUSION
In summary, we conduct numerical and experimental evaluations to optimize flow behavior in the distribution channels of parallelized droplet generators. We apply CFD simulation as well as lithography and 3D printing fabrication methods to determine the most suitable operating design conditions for upscaling the production of highly monodispersed droplets. First, CFD simulation is conducted to investigate the optimal condition required to achieve uniform flow distribution in the delivery channels of droplet generators. The results confirm the shortcoming of the theoretical scaling law for droplet generators in ladder-like networks. We validate the simulation result by fabricating an 8-FFG device using photolithography and soft lithography. The experimental results agree with the simulation results owing to the generation of monodispersed droplets in the device with the highest hd (1.5 mm). Furthermore, we consider how the dimensionless parameter (Ca) affected the uniformity of the droplets in the 8-FFG device, which is an important criterion for industrial-scale production. We use 3D printing to fabricate parallel arrangements of circular and rectangular geometries to increase the production rate of a single 8-FFG device to four devices (32 FFGs). Prior to physical testing of the 32-FFG device via experimentation, we conduct a pretest analysis on the distribution reservoirs using CFD. The experimental validation confirm that the circular geometry is more effective at generating highly monodispersed droplets (CV = 3.47%) than the rectangular geometry (CV = 4.22%) and conventional stacking method (CV = 3.78%). The inclusion of CFD in our study helped minimize experimental failures by providing optimal operating conditions for a device. Thus, our proposed designs allow for easy modification and rapid production of droplet generators in order to fulfill industrial standards in just one set of experiments.
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