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A hydrodynamic droplet pass filter for droplet-phase sample sorting was developed in this study. Using 

only groove rails, without additional components or external controls, droplets were sorted based on their 

physical properties. This is the first report of a droplet pass filter used for effective sorting, and the sorting 

structure provides a novel fluidic component for fluidic circuits for many applications. Depending on the 

number of rails, we obtained high-pass, low-pass, band-pass, and multi band-pass filters for sorting 10 

droplet samples, and their filtration performance was controlled by varying the dimensions of the rail 

structures. We evaluated in detail the effect of the rail width on sorting, threshold size of droplets sorted 

into each rail, and capillary number-dependent sample sorting. Furthermore, band-pass droplet sorting, 

useful for sample quantification, was provided, and multi-step rail ways allowed multi band-pass droplet 

sorting that was independent of flow conditions. The proposed sorting method does not require any 15 

external systems or skilled operation, and thus, it is expected that the device can contribute to on-site 

sample treatment and analysis in various fields such as medical care or the military.   

  

Introduction  

With the development of droplet-based chemistry and 20 

biochemistry, control and handling technologies for droplets have 

continuously progressed. Samples formed as microdroplets 

facilitate individualization,1, 2 protection,3, 4 and arrangement5, 6 of 

the samples, as well as improved treatment efficiency. In 

particular, sample sorting is one of key pre- and post-treatment or 25 

analysis technologies. Well-sorted target samples ensure 

improved treatment and analysis results,7 and sorting 

technologies have been developed according to the target’s 

characteristics.  

In many cases, droplet-phase samples are sorted by their optical 30 

properties. For instance, fluorescence-activated cell sorting 

utilizes the optical characteristics of the targets and they are 

sorted by applied electrical signals.8, 9 In recent years, 

miniaturized platforms, using sophisticated systems to control 

samples more efficiently were also reported by many research 35 

groups. These are mainly based on electric-,10–12 ultrasonic-,13 

hydrodynamic-,14, 15 and optical-force-induces16, 17 droplet 

driving, but the sorting performance fundamentally relies on 

detection or control elements. Therefore, the systems require 

complex components, not only for controlling actuators, but also 40 

for optical detection.  

In contrast, magnetically labeled or electrically charged samples 

require a relatively simple sorting system. The systems are 

usually independent of the detection process, whether the samples 

are controlled actively or passively.18, 19 However, the samples 45 

should have electro-magnetic characteristics, or should be labeled 

or charged for sorting. Consequently, sample types are limited 

and may also be exposed to undesirable chemicals or stimulations 

for the treatment and control.  

Physical properties of samples, such as size, volume, density, 50 

viscosity, and surface tension are also important factors that 

affect droplet control and use. Because the amount of chemical or 

biological information is determined by the sample volume 

encapsulated within the droplet, the droplet size and volume are 

directly related to the analysis result.20–22 Furthermore, the other 55 

properties are also closely related to the droplet’s formation and 

behavior.23–25 However, size or volume-dependent droplet sorting 

has been developed mostly using the active methods mentioned 

above, and passive sample sorting has been used in the case of 

particles and cells that are more solid than the droplet-phase 60 

samples.26–29 Furthermore, viscosity-based passive droplet sorting 

has been recently reported,30 but surface tension remains another 

important and interesting issue in various research fields. 

In this research, we focused specifically on the droplet 

characteristics, and developed a novel method that can 65 

simultaneously and passively sort the droplets on the basis of 

their size and physical properties. The deformability of the 

droplet, which usually makes handling droplet-phase samples 

difficult, was utilized for sorting. Furthermore, Laplace pressure, 

crucial to droplet behavior, was also used for efficient sorting. In 70 

particular, parallel groove rails, reported by Baroud et al.,31, 32 

were implemented to obtain specific droplet behaviors. On the 

groove rails, the droplets were trapped, partially deformed, and 

conditionally sorted. Moreover, this is the first report that 
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discusses fully passive droplet sorting for different droplet sizes 

and physical properties without any additional systems or skilled 

operation.  

Furthermore, this paper presents the development of fluidic 

components for use in various droplet filters. By varying the 5 

number and dimensions of the rails, we realized analogues for 

electronic high-pass, low-pass, band-pass, and multi band-pass 

filters in a fluidic circuit, and for the first time, their filtration 

performance was controlled.   

 10 

Fig. 1 Schematic view of a flow in a microchannel with parallel groove 

rails (a), hydrodynamic force on droplets introduced into the fluidic field 

(b), and deformation of the droplets by drag force and Laplace pressure 

(c). 

Principle of passive droplet sorting  15 

As shown in Figure 1(a), in a fluidic channel with a groove 

structure added on route, a main flow exists in the channel 

direction and a side flow exists in the groove direction. The flow 

in front of the new groove can be divided into flows along the 

tangential and normal directions, relative to the existing groove 20 

rail (hereafter referred to as the old rail). The tangential flow 

produces a driving force on droplets in the rail route, and the 

normal flow generates a drag force in the new groove. In contrast, 

as shown in Figure 1(b), droplets are trapped and follow the rail 

path due to the lower Laplace pressure on the rail in a Hele-Shaw 25 

cell with grooves.31 However, when the droplets encounter the 

drag force due to the new rail, they are deformed and stretched, 

and the deformation amount varies with the physical properties of 

the droplets, e.g., radius and capillary number.32 

As shown in Figure 1(c), when the droplet size or deformation is 30 

small, the droplet cannot reach the new rail, and the droplet 

recovers its shape and position because of the lower Laplace 

pressure in the old groove. In contrast, if the size or deformation 

of the droplet is large, a portion of the droplet will be located on 

the new rail, and the droplet would experience Laplace pressure 35 

in the new groove. Therefore, if the Laplace pressure in the new 

groove is lower than that in the old one, the droplet can transfer 

from the old rail to the new. Consequently, different membrane 

positions for the droplets on the rails allow condition-dependent 

droplet sorting, and that position is determined by the dimensions 40 

of the groove rails and the physical properties of the droplets.  

 

 
Fig. 2 Design of fluidic channel and detailed dimensions of rail patterns 

for each type of droplet sorting device. 45 

Device design and fabrication  

Design of the droplet-pass filters  

The droplet sorting device consisted of a droplet generation part 

and a sorting part, as shown in Figure 2. Droplets were generated 

at the cross junction and they were sorted by the rails. One 50 

sample fluid and one carrier fluid were introduced for droplet 

generation, and one additional carrier flow was employed, for the 

control of the distance between the droplets and total flow rate. In 

addition, three types of groove rails–with two, three, and five rail 

ways–are discussed. In all cases, the heights of the channels and 55 

grooves were 50 µm. 

As the first step for droplet sorting, the behavior of droplets on 

two groove rails was determined. In particular, the transfer of 

droplets on the basis of their size, and the variation in the droplet 

transfer depending on the rail types and droplet materials were 60 

examined. In the second step, the droplet transfer was expanded 

in both directions for an old rail, using two new rails with 

different distances. Finally, two-step sorting using five rail ways, 

was investigated for multiple sorting of various droplet sizes. 

Specifically, droplet sorting corresponding to a high-pass, low-65 

pass, band-pass, or multi band-pass filter of an electric circuit was 

performed in a fluidic device using two, three, or five rails, 

respectively. Furthermore, droplet sorting under different volume 

flow rates was evaluated.   

 70 

Device fabrication 

The sorting device was fabricated using a soft lithography 

process using PDMS (polydimethylsiloxane) (SILPOT 184, Dow 

Corning) and SU-8 photo resist (Microchem). In particular, a 

two-layer SU-8 mold was formed for fluidic channels and groove 75 

rails. Using O2 plasma treatment (Aiplasma, Matsushita Electric 

Works), the PDMS structure was bonded onto a PDMS spin-

coated glass substrate to obtain a structure fully surrounded by 

PDMS. 

Experiments and discussion 80 

Experimental setup and materials 

Syringe pumps (KDS210, KD Scientific) were the only 

equipment associated with liquid injection, droplet generation, 

and sorting in this device and system. Salad oil was used as the 

carrier fluid, and the droplets were generated using a methylene 85 

blue aqueous solution for fine visualization. Furthermore, acetic 
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acid was used to obtain different physical properties. The droplet 

generation and sorting behavior were visualized by using a high-

speed camera (FASTCAM-NEO, Photron), and the droplet size 

was calculated by pixel counting for the collected droplets in the 

outlet. 5 

 
Fig. 3 Different droplet routes and deformation behaviors in the rail 

channel due to size, and size-dependent high or low-pass sorting of the 

droplets in the two rails. 

 10 

High-pass and low-pass droplet sorting using two groove rails  

Size-dependent droplet sorting between two rails was visualized, 

as shown in Figure 3(a) and ESI† Movie 1. Initially, droplets 

were introduced from the old rail, and then, the droplets were 

sorted into different rail ways according to their size. In both 15 

cases, the droplets were deformed by the new rail, but only a 

large droplet’s size was sufficient to shift the droplet to a new 

rail. The behavior of the droplets that were not transferred show 

that the side flow to the new rail is limited to a short area. Outside 

of the drag area, small droplets recovered their shape due to 20 

Laplace pressure in the old rail. In contrast, the highly deformed 

large droplets faced lower Laplace pressure in the new rail; 

therefore, the droplets can transfer to the new rail. All droplets 

with radii larger than 77 µm were shifted to the new rail, and 

droplets with radii smaller than 73 µm remained entirely on the 25 

old rail, as shown in Figure 3(b).  

Droplet sorting analogous to the high or low-pass filter of an 

electric circuit was evaluated by varying the rail width, distance 

between rails, and physical properties. Firstly, new rails with the 

same and smaller width were used to determine the effect of the 30 

rail width on the droplet transfer, as shown in Figure 4(a). In the 

case of the same rail width, the droplets located on both rails 

were not deformed or shifted to one side, because the Laplace 

pressure of the droplets on the grooves is equivalent. In contrast, 

when the narrow rail was used, the centers of droplets were closer 35 

to the old rail. These results indicate that for droplet transfer, the 

width of the new rail should be larger than that of the old rail.  

Secondly, two distances between the old and new rail, 50 µm and 

100 µm, were compared to investigate the effect of rail separation 

on sorting. As shown in Figure 4(b), because the new rail at 100 40 

µm separations required larger deformation of droplets, the 

threshold radius of droplets sorted into the new rail at a distance 

of 100 µm was larger than that for the 50 µm distance. These 

results show that the distance between rails can be used as a 

parameter to control the sorting performance.  45 

Finally, the droplet physical properties that may influence sorting 

were considered. Deionized water and a 5% acetic acid aqueous 

solution were used for verification of this influence. In particular, 

because the acetic acid has a high viscosity and low surface 

tension, the capillary number of the solution is larger than that of 50 

pure water. Therefore, the high capillary number led to 

substantial deformation of droplets in the direction of the new 

rail. This result produced a different threshold radius for droplets 

sorted into the new rail; the droplets formed by the acetic acid-

dissolved solution that were shifted to the rail had smaller radii 55 

than water droplets, as shown in Figure 4(c). This indicates that 

the rail structure is capable of capillary number-dependent as well 

as size-dependent droplet sorting.    

 

Band-pass droplet sorting using three groove rails  60 

The parallel rail ways were expanded for multiple size droplet 

sorting. New rails were located in sequence on both sides of an 

old rail, and the distances to the first and second new rails from 

the old rail were 100 µm and 50 µm, respectively. Therefore, the 

three rails could sort different-sized droplets, and the results are 65 

shown in Figure 5 and ESI† Movie 2. All droplets with radii 

larger than 85 µm were sorted into the upper rail and droplets 

with radii less than 65 µm were almost completely sorted into the 

center rail. In particular, droplets sorted by the lower rail form a 

range of droplet sizes. The band pass sorting can be applied to the 70 

quantification of droplet-phase samples. The band-width of the 

droplet radius was approximately 10 µm broadly, because only 

two rail distances were present in this step. However, it is 

expected that a smaller rail separation would allow narrower 

band-width for the sorted droplet sizes.  75 

 
Fig. 4 Effects of width of the new rail (a), distance between old and new rail (b), and physical properties of droplets (c) on droplet sorting results.
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Fig. 5 Band-pass droplet sorting using three rails: visualization of droplet transfer on the rail ways (a) and the range of droplet sizes sorted into each rail 

(b). 

 
Fig. 6 Multi band-pass droplet sorting via five rails: visualized route of 5 

droplets into each rail (a), the band pass of the sorted droplets (b), and 

evaluation of the effect of flow speed on the droplet sorting (c). 

Multi band-pass droplet sorting using five groove rails 

Finally, multi-step sorting was examined using four rails with an 

old rail. Rails with large separations, 100 µm and 75 µm, for 10 

relatively large sized droplet sorting were implemented as the 

first step, and rails with smaller separations, 50 µm and 25 µm, 

were inserted for the second step of sorting. Droplets of different 

sizes, initially introduced from the old rail, were sorted into 

different rail ways according to their size, as shown in Figures 15 

6(a), 6(b), and ESI† Movie 3. As a result, the size of the sorted 

droplets formed multiple bands. The maximum radius of droplets 

on the old rail was 62 µm, and minimum radius of droplets sorted 

into the first rail was 82 µm. Furthermore, the band-widths of the 

radii of the droplets sorted by the fourth, third, and second rails 20 

were approximately 10, 5, and 5 µm, respectively. In particular, 

the width of the fifth outlet was narrower than that of the other 

outlets, to prevent droplets from merging into each other due to a 

decrease in the flow rate. Therefore, it appears that the band 

width of the fourth rail was relatively large, due to an increase in 25 

the flow resistance in the fifth channel. However, overall volume-

dependent droplet sorting was successfully performed via the 

different separations of the groove rails.  

Figure 6(c) shows the threshold radius of droplets sorted into the 

first new rail via different total flow rates. Even though the flow 30 

rates varied, the sorted droplet size was almost independent of the 

flow. This result is because, at the front of the new rail, the ratio 

of flow rates in the direction of the old and new rails is uniform, 

and the flow into the new rail exists in a limited area only. Under 

this condition, the drag force for the new rail increases with the 35 

large flow rate, but the drag force for the old rail also increases 

with the flow. Therefore, the time for droplet deformation in the 

new rail decreases in a limited area, and the positions of the 

droplets were uniform under different flow conditions. This flow-

independent result would ensure stable sorting performance for 40 

various systems utilizing the proposed method.  

Conclusions  

The microfluidic devices utilizing parallel groove rails 

successfully achieved size-dependent high-pass, low-pass, band-

pass, and multiple band-pass droplet sorting. The droplets on an 45 

existing groove rail were transferred to new rails by the drag 

force resulting from the side flow into the new rails. The sorting 

performance was controlled by changing the dimensions of the 

groove structure, in particular, the width of the new rail and 

distance between the rails. Moreover, the droplets could be sorted 50 

according to the capillary number of the sample fluids. In 

contrast, the number of the rails determined the type of the 

sorting. Three rails with different separation provided band-pass 
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sorting of the droplets according to size. Furthermore, the number 

of bands was simply increase by increasing the number of rails, 

and the band-width could be improved by varying the rail 

separation.  

This droplet sorting was carried out completely without any 5 

additional external control. Therefore, the droplets are free from 

any damage caused by active control, such as those caused by 

electric signals, magnetic fields, or mechanical operations. 

Furthermore, the droplet sorting had little dependence on the total 

flow rate. Hence, the droplet sorting scheme is suitable for 10 

quantification of sample volumes for chemical or biological 

treatment and analysis, and may be a useful complement to 

devices that significantly disturb the fluid flow.  
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