
論文 / 著書情報
Article / Book Information

Title Scaling up microdroplet production with post-array devices

Authors Shuzo Masui, Yusuke Kanno, Takasi Nisisako

Citation Biomicrofluidics, Vol. 19,   ,

Pub. date 2025, 5

Note  This article may be downloaded for personal use only. Any other use
requires prior permission of the author and AIP Publishing. This article
appeared in Shuzo Masui, Yusuke Kanno, Takasi Nisisako; Scaling up
microdroplet production with post-array devices. Biomicrofluidics. 28
May 2025; 19: 031303 and may be found at
https://doi.org/10.1063/5.0270507.

Note  This file is author (final) version.

Powered by T2R2 (Science Tokyo Research Repository)

http://t2r2.star.titech.ac.jp/


1 
 

Scaling up microdroplet production with post-array devices 

 

Shuzo Masui,1 Yusuke Kanno,2 Takasi Nisisako2,a) 

 

AFFILIATIONS 

1 Department of Precision Engineering, Graduate School of Engineering, the University of Tokyo, 

Bunkyo-ku, Tokyo, 113-8656, Japan  

2 Laboratory for Future Interdisciplinary Research of Science and Technology, Institute of Integrated 

Research, Institute of Science Tokyo, 4259 Nagatsuta-cho, Midori-ku, Yokohama, 226-8501, Japan 

 

a)Author to whom correspondence should be addressed: nisisako.t.aa@m.titech.ac.jp. Tel.: +81-45-924-

5092 

 

 

ABSTRACT 

Microfluidic systems capable of generating uniform droplets are gaining attention in food, cosmetics, biochemical, 

and materials applications. While conventional shear- or interfacial tension-driven nozzle devices can generate 

highly monodisperse droplets (CV < 5%), their scalability is limited by complex flow designs and clogging. Post-

array devices have recently emerged as a high-throughput alternative, producing quasi-monodisperse droplets (CV 

> 12%) by sequentially breaking larger droplets using micro-post structures. These devices offer shear-dependent 

tunability of droplet sizes, greater resistance to clogging, and scalability. Notably, droplet size is strongly influenced 

by the dispersed phase fraction, enabling potential decoupling of droplet size and dispersed phase fraction. This 

study reviews the principles and performance of post-array devices, compares them with other droplet generation 

methods, and examines their similarities to droplet splitting in T-junctions and premix membrane emulsification. 

Challenges such as improving droplet uniformity and miniaturization are also discussed to highlight the potential 

of post-array systems for practical emulsification applications.  
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I. INTRODUCTION 

Microfluidic droplet generators are increasingly being explored for applications in fields such as food 

processing,1 cosmetics,2 biochemistry,3 and materials science4 due to their ability to produce droplets of precisely 

controlled size and composition while integrating droplet generation with multifunctional analytical capabilities.5 

These devices are generally of two types: shear-based devices, such as T-junction and flow focusing devices, and 

interfacial tension-driven devices, such as step emulsification devices.6–8 While both approaches can produce highly 

monodisperse droplets with a coefficient of variation (CV) of less than 5% in diameter at a single nozzle, scaling 

up production requires parallelization of droplet generation nozzles. However, this presents challenges such as the 

complex design and fabrication of fluid distribution channels to ensure uniform flow delivery, along with an 

increased risk of clogging.9 

Although precise droplet size control is essential in many applications, microfluidic devices that prioritize 

robustness against clogging and ease of use are also valuable for specific purposes. For example, they are employed 

in the preliminary emulsification of double emulsions for drug delivery,10 in the generation of droplets containing 

beads or cells that are prone to clogging,11 and in biochemical analysis techniques that utilize polydisperse 

droplets.12,13 Additionally, recent advances in microfluidic sorting technologies have enabled the selective isolation 

of target droplets from polydisperse droplets.14 In such applications, ease of operation and device durability often 

take precedence over achieving highly uniform droplet sizes. This growing diversity in microfluidic emulsification 

requirements is driving the development of alternative droplet generation technologies. 

Recently, post-array devices have gained significant interest as an innovative microfluidic approach to produce 

quasi-monodisperse droplets at high throughput. These devices generate small droplets by progressively breaking 

up larger droplets using regularly arranged micro-post structures.15–18 Unlike conventional nozzle-based 

microfluidic systems, post-array devices employ a distinct droplet breakup mechanism and offer unique advantages 

in scalability and robustness. In this paper, we introduce the basic principles of post-array devices, review recent 

research findings, and compare their performance with other high-throughput droplet generation techniques. Finally, 

we discuss the remaining challenges and future prospects associated with these devices. 

 

II. DROPLET GENERATION WITH POST-ARRAY DEVICES: FUNDAMENTALS, MECHANISM, AND 

FUTURE PROSPECTS 

A. Key features and advantages of post-array devices 

The post-array device is a relatively new microfluidic droplet generator, first introduced by Amstad et al. in 

2014 (Fig. 1a).15 In these devices, the dispersed and continuous phases are introduced into the post-array region 

either as a premixed coarse emulsion15 or through a sheath flow configuration (Fig. 1b).16–18 As the fluid passes 

through the post-array, larger droplets are repeatedly fragmented into smaller ones, producing emulsions with size 

uniformity ranging from quasi-monodisperse to polydisperse levels at high throughput. 
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FIG. 1. Schematic of post-array devices and microscope images of droplet generation. (a) Premix emulsion 

feeding system. Reproduced with permission from Amstad et al., Lab Chip 14, 705 (2014). Copyright 2014 Royal 

Society of Chemistry.15 (b) sheath flow configuration. Reproduced with permission from Masui et al., Lab Chip 

23, 4959 (2023). Copyright 2023 Royal Society of Chemistry.16 

 

A key feature of post-array devices is their ability to tune droplet size within a given device geometry by varying 

flow-induced shear forces. Although shear-driven droplet breakup is common, the breakup mechanism in post-array 

devices is fundamentally different from conventional single nozzle-based shear-driven systems. Unlike nozzle-

based microfluidics, where droplets are formed individually at discrete nozzles, post-array devices allow 

simultaneous droplet formation at multiple and varying points throughout the post-array, significantly increasing 

throughput and scalability.  

One of the major advantages of post-array devices is their ease of high throughput. Their design eliminates the 

need for complex parallelized channel networks, simplifying fabrication and allowing for large-scale production 

without the need for precisely engineered flow resistances or complex three-dimensional channel layouts.19 Amstad 

et al. demonstrated the high-throughput production of  poly(dimethylsiloxane) (PDMS)  microparticles with a mean 

diameter of 20 µm and a CV of 20% (Fig. 2a) at a flow rate of 50 mL/h using a 40-row × 300-column post-array 

device (dimensions: 6 mm × 24 mm × 5 mm).15 This work highlights the potential of post-array devices for high-

throughput droplet generation using a simple two-layer PDMS chip. 
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FIG. 2. Particles synthesized from various precursor droplets generated by post-array and their combined device. 

(a) PDMS beads. Reproduced with permission from Amstad et al., Lab Chip 14, 705 (2014). Copyright 2014 Royal 

Society of Chemistry.15 (b) Poly(ethylene glycol) hydrogel beads encapsulating fluorescent labeled MDA-MB231 

cell. Reproduced with permission from Akbari et al., Lab Chip 17, 2067 (2017). Copyright 2017 Royal Society of 

Chemistry.17 (c) PLGA microparticle prepared by combination of post-array and cross-flow device. Reproduced 

with permission from Yeh et al., Microfluid. Nanofluidics 27, 47 (2023). Copyright 2023 Springer Nature.18 

 

Another unique feature of post-array devices is the strong influence of the dispersed phase fraction on droplet 

size. Masui et al. demonstrated that the dispersed phase fraction, defined as the volume ratio of the dispersed phase 

flow rate to the continuous phase flow rate, plays a critical role in determining the final droplet size.16 This effect 

was quantified by evaluating the effective shear force, which depends on the emulsion viscosity, a property that 

increases with the dispersed phase fraction.20,21 This dependence suggests the potential for independent control of 

droplet size and dispersed phase fraction, a capability that distinguishes post-array devices from many conventional 

microfluidic systems. For example, increasing the dispersed phase fraction while decreasing the total flow rate can 

maintain a constant effective shear force and preserve droplet size. Conversely, decreasing the dispersed phase 

fraction while increasing the total flow rate can achieve a similar effect. These characteristics make post-array 

devices particularly advantageous for applications requiring independent control of droplet size and volume fraction. 

Post-array devices also exhibit a high degree of robustness against clogging, making them particularly suitable 

for applications where channel blockage is a major challenge. Unlike nozzle-based microfluidic droplet generators, 

which rely on discrete channels that are highly susceptible to blockage, post-array devices maintain functionality 

even in the presence of localized clogging. This is because unaffected regions of the post-array continue the droplet 

splitting process, ensuring sustained production efficiency. Akbari et al. successfully produced hydrogel beads with 

an average diameter of 45 μm encapsulating breast cancer cells (MDA-MB231) (Fig. 2b),17 demonstrating the 

potential of post-array devices to produce cell-encapsulated droplets at high throughput while maintaining 

robustness to clogging. 

 

B. Mechanisms of droplet breakup in post-array devices 
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While the breakup dynamics of nozzle-based droplet generators,6 constricted microchannels,22 and single-droplet 

splitting in T-junctions23–26 have been extensively studied, those of post-array devices have only recently been 

investigated. Although the hydrodynamics of single-droplet splitting in T-junctions has been extensively studied,23–

26 these principles had not previously been applied to the multi-droplet breakup observed in post-array devices, 

largely due to the challenges associated with quantifying shear forces in such systems. To address this issue, Masui 

et al.  demonstrated that the flow-induced shear force driving the droplet breakup within the post-array can be 

accurately evaluated using the effective capillary number,16 Caeff = eU / , where e, U, and  represent the emulsion 

viscosity,20,21 fluid velocity, and interfacial tension, respectively. In general, the emulsion viscosity ηe increases 

rapidly with the volume fraction of the dispersed phase relative to the continuous phase.20,21 The use of Caeff enabled 

the adaptation of well-established single-droplet breakup theories in T-junctions to elucidate the breakup 

mechanisms in post-array devices. 

Masui et al. classified droplet breakup in post-array devices into two distinct modes based on Caeff (Fig. 3a)16 At 

low Caeff (< 0.003), the obstruction mode dominates, where interfacial tension primarily governs breakup, and steric 

hindrance imposed by the post-array dictates droplet size, making it independent of flow rate (Fig. 3b). In contrast, 

as Caeff increases, the shear-induced mode emerges, where shear forces become the dominant factor, leading to 

droplet size reduction that follows a power-law dependence on Caeff (Fig. 3c). This behavior closely resembles the 

droplet splitting dynamics observed in T-junctions.25,26 However, at excessively high Caeff (> 0.03), satellite droplet 

formation increases, significantly degrading droplet size uniformity, similar to observations in T-junction 

splitting.16,23 Furthermore, while the viscosity ratio between the dispersed and continuous phases has little impact 

on the average droplet size, it significantly influences droplet uniformity. Specifically, increasing the viscosity of 

the dispersed phase reduces the CV under low shear conditions (Caeff < 0.02), thereby enhancing monodispersity.16 

Therefore, maintaining Caeff within an optimal range and appropriately adjusting the viscosity ratio are essential for 

precisely tuning droplet size while achieving a low CV in the final product. 
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FIG. 3. Two droplet generation modes governed by the magnitude of shear force, along with their characteristic 

differences. (a) Variation of the normalized mean droplet diameter Dmean/Dh as a function of Caeff, with error bars 

representing the standard deviation. (b, c) Microscope images of droplet generation in (b) obstruction mode (Caeff 

= 0.003) and (c) shear-induced mode (Caeff = 0.16). Time-sequenced magnified views of droplet breakup are shown 

below each image, with time intervals of (b) 2 ms and (c) 0.3 ms. Reproduced with permission from Masui et al., 

Lab Chip 23, 4959 (2023). Copyright 2023 Royal Society of Chemistry.16 

 

Post-array devices share strong similarities with both T-junction droplet splitting and premix membrane 

emulsification (PME). The two breakup modes—obstruction and shear-induced—observed in post-array devices 

are consistent with those identified in single-droplet splitting at T-junctions.16,25,26 In addition, both T-junction 

droplet splitting and post-array devices exhibit the formation of a gap between the droplet and the channel walls, as 

well as an increase in satellite droplet size under high shear conditions.16,24 Similarly, in PME, droplet breakup has 
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been observed when the capillary number exceeds a critical threshold of approximately 0.003 in a silicon-based 

microfabricated device,28 which aligns well with the transition from obstruction to shear-induced mode at Caeff = 

0.003 in post-array devices.16 Furthermore, droplet size in post-array devices ranges from approximately 0.76 to 

1.34 times the hydraulic diameter between posts,16 which closely matches the PME droplet-to-pore size ratio of 0.7 

to 1.5.29 

Given these similarities, post-array devices can be regarded as a microfluidic implementation of 2D membrane 

emulsification. The shared characteristics between PME, T-junction droplet splitting, and post-array devices 

suggest that theoretical and experimental insights from single-droplet breakup studies can be used to optimize post-

array geometries and design engineered membranes for PME.30 Ultimately, post-array devices may serve as a bridge 

between well-characterized single-droplet breakup dynamics and the complex yet practical emulsification 

mechanisms employed in porous membranes.  

Post-array design involves numerous parameters—including post size, shape, and spacing—that influence both 

droplet size and uniformity. However, because droplet characteristics are also affected by the operating Caeff and 

the droplet generation mode, it is challenging to isolate the effects of post design. Although Amstad et al. reported 

droplet size and CV across various post designs under sufficiently high Ca (>0.03) conditions, generalized design 

rules for post-arrays remain unclear.15 Masui et al. qualitatively evaluated the effects of post design and viscosity 

ratio by curve fitting, deriving coefficients that describe droplet size in the obstruction mode and the scaling 

behavior with Caeff.
16 Their results showed that increasing post spacing leads to larger droplet sizes in the steric 

hindrance mode, while sharper post tips yield smaller droplets. However, for droplet uniformity, the operating Caeff 

remains the dominant factor, and further studies are needed to elucidate the specific role of post design. 

The role of local flow dynamics in droplet breakup within post-array devices has been investigated. In sheath-

flow-type post-array devices, an increase in the droplet fraction in the central region of the array has been observed 

(Fig. 3c). Although Masui et al. performed a detailed analysis of droplet size and velocity distributions across the 

direction perpendicular to the flow, no significant variation in droplet size was detected.16 This apparent stability is 

attributed to a compensatory mechanism: as the local fraction of the dispersed phase increases, the emulsion 

viscosity rises, which subsequently lowers the local flow velocity. As a result, the shear stress—proportional to the 

pressure gradient—remains effectively constant, suppressing fluctuations in droplet size. 

Wettability also plays a critical role in droplet breakup within post-array devices. As in other microfluidic 

droplet generators, hydrophobic post arrays are typically used to produce water-in-oil (W/O) droplets,15,17,18 while 

hydrophilic post arrays are employed for oil-in-water (O/W) droplets.15,16 However, heterogeneities in surface 

wettability may adversely affect droplet size uniformity. For example, a numerical study demonstrated the 

emergence of asymmetric splitting and even non-splitting modes in bifurcated channels with differing wettability.27 

If a similar mechanism operates within post-array systems, surface treatment heterogeneities could promote 

asymmetry in droplet breakup, leading to increased variation in droplet size.  
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C. Comparative analysis of high-throughput droplet generators 

The performance of post-array devices compared with other high-throughput microfluidic droplet generators 

and industrial membrane emulsification methods is summarized in Table 1. This comparison considers key 

parameters such as droplet generation mechanisms, droplet size, CV, and maximum dispersed phase throughput for 

six technologies: post-array devices (premix and sheath flow configurations), flow focusing, step emulsification, 

porous devices, and PME. The maximum permeation flux of the dispersed phase was calculated using the entire 

device footprint for step-emulsification and flow focusing devices, while only the area of the post-array or porous 

membrane was considered for post-array and PME-based systems. 

 

Table 1. Comparison between various high-throughput droplet generators 

Method 
Post-array 

(premix) 

Post-array 

(sheath flow) 

Flow 

focusing 

Step 

emulsificati

on 

Microfluidic 

porous device 
PME 

Droplet 

generation 

mechanism 

Droplet 

breakup 

Droplet 

breakup 

Shear force 

driven 

Interfacial 

tension 

driven 

Interfacial tension 

driven 
Droplet breakup 

Device 

dimension 
2D 2D 2D 3D 3D 3D 

Droplet size [μm] 16–45 8–65 22.5–37.5 87 7.0–75 0.1–260 

CV [%] 13–22 12–50 3.3 2 10.9–20.6 12–31 

Maximum flux of  

dispersed phase 

[L h−1 m−2] 

520 210018 930 2600 600 20000033 

Reference 15 16–18 19 31 32 29, 33 

 

Post-array devices can generate droplets in the size range of 8 to 65 μm, with the best CV values for droplet 

diameter at 12–13%, regardless of whether the liquid feeding method is premixed or sheath flow.15–18 The highest 

throughput for post-array devices was demonstrated by Yeh et al., who achieved W/O droplet generation for the 

pre-emulsification of poly(lactic-co-glycolic acid) (PLGA) particles (Fig. 2c) at a rate of approximately 2100 L h−1 

m−2.18 In contrast, flow focusing devices have been shown to produce highly monodisperse droplets. Yadavali et al. 

successfully produced hexadecane droplets with a diameter of 22.5 μm and a CV of 3.3% at a maximum throughput 

of 930 L h−1 m−2 using a silicon and glass device with 10260 nozzles.19 Similarly, Kobayashi et al. utilized a 24,772-

nozzle microchip fabricated on a silicon-on-insulator substrate to produce n-tetradecan O/W droplets with a 

diameter of 87 μm and a CV of less than 2% at a rate of 2600 L h−1 m−2.31 Recently, Mashiyama et al. developed a 

microfluidic porous device consisting of an inverse colloidal crystal structure in a microchannel using polymer 
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particles as porogens, which allowed the production of W/O droplets with a diameter of 33.1±3.6 μm (i.e., CV of 

10.9%) at a throughput of 600 L h−1 m−2.32 PME, which is widely employed in industrial applications, allows the 

generation of droplets ranging from 100 nm to several hundred micrometers, depending on the membrane pore 

size.29 The minimum CV for PME is approximately 12%, with a maximum throughput of approximately 200000 L 

h−1 m−2.33  

A comparative analysis of these technologies highlights both the advantages and limitations of post-array devices. 

Flow-focusing devices are particularly effective at producing highly monodisperse droplets with tunable sizes; 

however, achieving uniform flow distribution in these systems requires carefully designed flow resistances and 

complex microchannel fabrication. In contrast, post-array devices, along with step emulsifiers and porous devices, 

offer easier scalability and greater robustness against clogging by encapsulated materials such as cells, reducing the 

need for complicated designs. Step emulsifiers and porous devices, which rely on interfacial tension-driven 

emulsification, are inherently limited to producing droplets larger than the pore diameter, limiting their capacity for 

further droplet size reduction. Conversely, post-array devices, PME, and flow-focusing devices, which utilize shear 

forces to generate droplets, can produce droplets smaller than the nozzle size or pore diameter. This capability 

suggests that post-array devices are particularly well suited for the large-scale production of quasi-monodisperse 

droplets containing encapsulated materials prone to clogging, as well as for fine droplet generation in high-

throughput applications. 

 

D. Challenges in post-array devices: droplet uniformity and size reduction 

Despite recent advances, two major challenges remain for post-array devices: improving droplet uniformity and 

achieving smaller droplet sizes. Even when utilizing highly uniform post-array structures or feeding droplets with 

a CV below 5%,15 the minimum achievable CV remains at 12%, comparable to that of PME, suggesting an intrinsic 

limit to uniformity. It has been observed that the droplet size distribution in post-array devices at Caeff > 0.03 can 

be well described as a sum of two normal distributions, suggesting that multiple droplet breakup processes may be 

occurring simultaneously.16 Addressing this issue requires a deeper investigation into the underlying mechanisms 

governing droplet size variation in post-array devices, which are likely to share similarities with PME. One 

promising approach is the serial integration of post-array devices with deterministic lateral displacement (DLD) 

technology,34 which uses post-arrays with designed lateral shifts to selectively separate smaller or larger particles. 

Several studies have demonstrated that integrating nozzle-based droplet generators with DLD technology can 

reduce droplet size variation by removing satellite droplets.35,36 This combination offers the potential for high-

throughput production of monodisperse droplets. 

Achieving smaller droplet sizes presents additional challenges because it requires post-array miniaturization, 

which results in higher flow resistance and operating pressure. For example, Yeh et al. produced PLGA W/O 

droplets with a diameter of ~18 μm in diameter, which, while relatively small, remain larger than the few micrometer 
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droplets typically produced by mechanical homogenizers, suggesting potential limitations related to emulsion 

instability.18 A key limitation is the pressure resistance of commonly used PDMS-glass bonding devices, which 

have a maximum leak pressure of 100–500 kPa.37 In glass-Si or glass-glass microfluidic devices, bond strengths 

achieved through thermal annealing, low-temperature parylene-mediated bonding, and anodic bonding are 

approximately 20.7 MPa,38 7.6 MPa,39 and 3.0 MPa,40 respectively, offering up to a 41-fold increase in pressure 

resistance compared to PDMS-glass devices. Plastic devices fabricated via solvent-mediated bonding can also 

achieve high bond strengths (~ 18 MPa).41 Transitioning from PDMS-glass to glass-based42 or plastic-based43 

devices would therefore significantly enhance the pressure tolerance of post-array systems, enabling the generation 

of smaller droplets and improving their competitiveness with existing high-throughput emulsification methods. 

 

III CONCLUSIONS AND OUTLOOK 

In this study, we compared post-array devices with single-droplet splitting methods and various high-throughput 

droplet generators. The three main advantages of post-array devices are their shear-dependent tunability of droplet 

size, ease of high throughput capability, and resistance to clogging. Additionally, a unique feature of post-array 

devices is the influence of the dispersed phase fraction on droplet size, suggesting the potential for independent 

control of droplet size and dispersed phase fraction. These features make post-array devices particularly effective 

for applications where highly monodisperse droplets are not essential, but clogging resistance and high throughput 

are critical. For example, they are well suited for preliminary emulsification in double emulsification processes and 

biochemical analysis systems that accommodate droplets with high polydispersity.  

By comparing post-array devices with other high-throughput droplet generation devices, we have clarified both 

their similarities and differences in droplet splitting behavior. However, several challenges remain. One major 

limitation is the variability in droplet size due to the stochastic nature of the breakup process. Another critical 

challenge is the need to further reduce the droplet size produced. Addressing these challenges will require both 

theoretical and experimental advances, including a deeper understanding of the droplet breakup mechanisms and 

improvements in the pressure resistance of the devices.  

From a broader perspective, post-array devices can be viewed as a multiphase flow system operating within an 

interconnected channel network. This structural similarity is consistent with a number of seemingly unrelated fields, 

such as oil recovery in porous media.44–46 Insights from these disciplines may inform further advances in post-array 

devices, while advances in post-array microfluidics may in turn provide valuable insights to other scientific and 

engineering domains. 
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