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Graphical abstract 

 

 

Highlights: 

 Selective droplet splitting is achieved in a microfluidic system.  

 A microvalve is used to change the channel geometry at the entrance to a loop of the 

main channel. 

 The system is operated close to the transition regime between non-splitting and 

splitting, the valve is then used to move between these outcomes.  

 Control over the pressure of inlets and valve, dictates the size of the split droplets. 

 The system can be used to conduct permutations of reactions on chip.  

 

 

Abstract 
Droplet microfluidics, with its small scale isolated samples, offers huge potential in the further 

miniaturisation of high throughput screening. The challenge is to deliver multiple samples in a manner 

such that reactions can be performed in numerous permutations. The present study investigates the use 

of single layer valves to break up individual droplets selectively. This splitting of large droplets, allows 

the main sample volume to navigate around the chip, with smaller daughter droplets being removed at 

desired locations. As such, the mother droplet is no longer an isolated sample akin to an on-chip test 

ACCEPTED M
ANUSCRIP

T

mailto:adrian.neild@monash.edu


 
 

2 
 

tube, but rather a mobile sample delivery system akin to an on-chip pipette. The partitioning takes place 

at the entrance to a bypass loop of the main channel. Under normal operating conditions the droplet 

passes the entrance intact, however, when a valve located at the entrance to the bypass loop is actuated, 

the geometry changes causes the droplet to split. We analyse this transition in behaviour for a range of 

oil and water inlets, and valve actuation pressures, showing that the valve can be actuated such that the 

next droplet to pass the bypass loop will be split, but subsequent droplets will not be.   

Keywords: Splitting, Selectivity, Droplet microfluidics, Pneumatic microvalves, Single layer 

1. Introduction 
Droplet microfluidics are enclosed systems in which two immiscible phases are used, such that samples 

and reagents can be encapsulated in picolitre droplets within a continuous buffer where evaporation 

does not occur [1]. This partitioning of samples into isolated droplets, the lab-on-a-chip equivalent of a 

micro well plate, has been widely used for single cell analysis [2]. Single cells can be captured and 

analysed in such microenvironments, allowing information to be gathered at the individual cell level 

across a whole population of cells. Other applications include nanoparticle production [3], creating 

micro structures for drug delivery vessels [4], and conducting high throughput screening [1, 5]. The 

latter, would allow a new platform for conducting the type of combinatorial library reactions currently 

performed using microtiter plates. Here, banks of reagents are reacted with each other in numerous 

permutations, however, the plates cannot undergo further miniaturisation due to issues with pipette 

dispensing accuracy and evaporation [6, 7]. Two phase droplet microfluidics provides an evaporation 

free environment so picolitres can be handled [1]. However, there are challenges around dispensing, or 

more specifically, the delivery of small sample volumes such that different chemicals can be reacted 

together in the desired combinations [8]. 

 

The standard, passive tools for droplet microfluidics, such as droplet generation at channel junctions 

cause the same behaviour to occur repeatedly, for example, the partition of a sample flow into multiple 

droplets when merged with an immiscible buffer flow at a T-junction [9]. However, for the selective 

combination of multiple samples in different permutations, the challenge is to direct different samples 

to different locations at will so that an ordered matrix of droplets can be formed. Whilst there have been 

considerable successes in this direction [5, 10, 11], there is still a need to develop improved methods to 

actively interact with single fluid samples to create [9, 12-15], merge [16-19] or divide [20-23] a droplet 

when desired. 

 

The introduction of different samples onto a chip in relatively large volumes has been achieved by 

mechanical movement of the inlet connected to the channel between sample reservoirs [11]. The ability 

to halve or divide these plugs into daughter droplets would allow the controlled delivery of each sample 

into certain locations around a fluidic network. The ability to selectively subdivide becomes analogous 

to pipetting and dispensing from a well plate to another [20], when combined with droplet merging 

mechanism, permutations of reactions can be performed from a library of samples.  

 

A symmetric breaking-up of droplets, i.e. into two equal volumes, is desirable when splitting is used to 

increase the production rate of droplets, maximize the capacity of the device, or produce one set of 

equal size droplet for a control experiment [24, 25]. However, when a controllable volume or 

concentration of chemicals inside the droplet is required in pharmaceutical or chemical industries, an 

asymmetric breaking up of droplets is required [26]. Methods for performing droplet splitting can be 

categorized into passive, active and combined methods.  

Passive manipulation techniques utilize interactive effects between dispersed phase, continuous phase 

and channel structures without using any external fields. Methods include using a narrow orifice in a 

flow focusing junction which can cause the splitting of a plug into much smaller droplets [27], the 

addition of a mid-channel obstacle [28] or bifurcating the channel [28, 29], as such, it can be seen that 

passive droplet splitting techniques need to simply be designed into the geometry of the chip, however, 

they act equally on all droplets without the possibility of selectivity.  
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A degree of control can be gained by the addition of active mechanisms to these passive geometric 

features. For example by adding an electrical field at a simple bifurcating junction can alter the relative 

size of the daughter droplets created [30]. Other methods include the use of electrostatic potential wells, 

a laser [31] or micro-heaters [32]. Whilst these methods improve the controllability of daughter droplet 

size there are some potential issues with biocompatibility. Other methods have used Electrowetting-on-

Dielectric (EWOD) and Dielectrowetting to control the splitting in a bifurcation through contact line 

control [33, 34] and surface acoustic waves (SAW) which have been used to apply forces on the 

interface between the immiscible fluids to split and steer droplets [21, 22, 35]. Finally, the droplet as 

pipette concept has been shown by altering the flow field locally at a bifurcation using acoustic 

streaming created by surface acoustic waves, this allows the splitting of a droplet [20]. While SAW is 

more versatile and bio-compatible than other active methods for fission, the cost and complexity of 

operational instruments make it worthwhile to search for an alternative active method for droplet 

splitting. Another problem with SAW devices is that the speed of splitting of droplets is limited by the 

weak forces which can be generated. To address this issues here, we present an alternative method, 

using pneumatic valves, which is of more reasonable cost and 20 times faster.   

Microvalves fabricated in deformable, multilayer, PDMS structures have been used to control on-chip 

fluid flows since their conception [36]. These pneumatic valves offer simplicity, ease of fabrication, 

high-power density, bio-compatibility and versatility [37, 38], and multiple valves can be controlled 

independently and  simultaneously [39]. Their ability to control fluid behaviour has also meant they 

have been applied to two phase systems; generating [40, 41], sorting [42] and merging [41] has been 

achieved. In most cases, the deformation of the channel geometry caused by valve operation causes a 

number of droplets to demonstrate altered behaviour, whether that is droplet size upon generation or 

toggling between merging and non-merging events. This is also the case for a previous study on 

multilayer valve usage for control of droplet splitting [40], in which the size of batches of daughter 

droplets was controlled.  

In addition to multilayer valves, a simpler single layer valve (horizontal valve) design has been 

developed [43, 44], this design incorporates the control and flow channels on one layer of PDMS, 

separated by a thin, and therefore deformable, membrane. These valves have been used for droplet 

formation [45], sorting [46, 47], merging [48] and splitting [49]. In the latter, it was shown that the size 

of two daughter droplets could be tuned by the relative actuation of two valves at the exits of a Y-

junction. In both the previous studies on droplet splitting, using double [40] or single [49] layer valves, 

the emphasis has been on the repetition of multiple events, such that all droplets passing through a 

junction are split in the same way. Besides, a large deformation, potentially reducing device durability 

by causing inaccuracies or even channel damage [50], was required to steer all droplets to a waste outlet 

with no ability to split selectively [49]. Rather than looking at the steady state condition [49], here, we 

examine the transient case, and study what happens at the onset of valve actuation, with the interest in 

causing selective droplet splitting, targeting an individual droplet. Our system works close to the 

transition regime where a slight change in pressure induced by the valve can initiate splitting thereby 

improving device durability by preventing channel damage.    

It is possible to introduce mother droplets into a microfluidic system in which each contain different 

chemicals. Our motivation is to develop a method through which these mother droplet can be selectively 

split. By doing this, we establish a way in which small samples of selected reagents can be delivered to 

sites at which reactions can take place. The inclusion of multiple such reaction sites would allow 

multiple permutations of reactions to take place, just as takes place in a microwell plate at a much larger 

scale. To establish this selective splitting capability we study a simplified system, one in which each 

mother droplet contains the same sample, and in which the daughter droplets are not merged together; 

what we focus on is the selective nature of droplet splitting. That is, we examine the actuation conditions 

which ensure the first droplet after actuation is split. The valves are used to alter the geometry of the 

system at the site of entry into a bypass channel, the deformation allows the transient transition between 

non-splitting and splitting events, so demonstrating, under the identified operating conditions, the 

selectivity of our approach.   
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2. Working Principle 
The microchannel network consists of components for droplet generation and droplet splitting section 

(see Fig. A.1. for more details). It is envisaged that for future usage of the splitting technology we have 

developed, each droplet will be of a different chemical, produced by moving a nozzle between samples 

off chip [11], or by individual droplet formation [5]. However, for this system, designed to test the 

capability of the splitting technology, a standard droplet generation approach was taken, and this 

consists of a T-junction, fed by oil and water. The width of both the continuous and dispersed inlet 

channels is 100 𝜇𝑚 with a height of 133.8 𝜇𝑚, the result is monodisperse, high throughput droplet 

generation [9]. Once the droplets are formed on the chip, the next feature is the bypass channel at which 

we seek to demonstrate selective droplet subdivision. This division part as shown in Fig. 1(a), consists 

of the main channel bifurcating at a standard T-junction, where the width of the secondary channel is 

half that of the main channel. This asymmetry in channel dimensions makes it possible to have different 

regimes of splitting without the actuation of the valve which is located at this junction. The effect of the 

ratio of the width of the bypass channel to the main channel from value 0.35 to 0.91 on the splitting 

regimes of droplets and size of daughter droplets was well studied recently. As the ratio of the bypass 

channel to the main channel was increased, the regime was shifted from the non-splitting to the splitting 

and further increase in this ratio, caused larger finger to penetrate into the bypass channel and larger 

daughter droplets to split from the mother droplets. The knife edge that separates, splitting and non-

splitting regime at different ratio of width of the bypass channel to main channel was examined in that 

study. Taking the ratio of the width of the bypass channel to the main channel as 0.5, the bypass system 

is operated at the knife edge between a splitting and non-splitting condition and the valve can be 

activated selectively in order to tip the balance in favour of the splitting event [51]. The thinner branched 

channel subsequently rejoins the main channel, hence we term it a bypass loop. In future, we envisage 

that reactions of daughter droplets split from mother droplets containing different chemicals will take 

place within this bypass loop by use of standard merging techniques [16]. 

Double [36, 38-42] and single [43-47] layer valve design have been described in the literature. Here, 

we do not need to fully seal the valve, rather just alter the channel geometry, hence a single layer valve 

is ideal. In this type of valve, a membrane, consisting of a thin layer of soft PDMS, is located in a 

vertical plane between the main channel and a valve actuation chamber. Once pressurised, the valve 

actuation chamber causes the membrane to deform into the main channel, hence changing the channels 

physical geometry. After running and analysing a series of experiments, a mushroom-shaped valve 

(with 500 𝜇𝑚 length of the head) with membrane thickness 30 𝜇𝑚 was selected with a PDMS mix ratio 

of 20:1.  

The microfluidic chip design as can be seen in Fig. 1(a), consists of the main and secondary channels. 

The hydrodynamic resistance and the pressure drop of a rectangular channel can be calculated by the 

equations below [52],  

𝑅 =
12𝜇𝐿

𝜔ℎ3 ⌈1 − 0.63(ℎ
𝜔⁄ )⌉

 
(1) 

∆𝑃 = 𝑅𝑄 (2) 

where, 𝜔, ℎ and 𝐿 denote width, height and length of the rectangular channel, respectively. In addition, 

Q, R and ∆𝑃 represent flow rate, resistance and pressure drop. So, in our design, the narrower and longer 

secondary channel (subscript S) has higher resistance and lower flow rate rather than the main channel 

(subscript M) due to the equality in differences between the pressure of the inlet (Pi) and pressure of the 

outlet (Po) of the loop. 

𝑃𝑜 − 𝑃𝑖 = ∆𝑃𝑀 = ∆𝑃𝑆 (3) 

Based on the fact that for a series resistance network, the total resistance equals the sum of the individual 

resistances and by applying Eq. (2) into Eq. (3): 

(𝑅𝐷 + 𝑅𝑀)𝑄𝑀 = 𝑅𝑆𝑄𝑆 (4) 

ACCEPTED M
ANUSCRIP

T



 
 

5 
 

where, the subscript D denotes the resistance passes the deformable valve. In addition, mass 

conservation of the fluid gives: 

𝑄𝑇 = 𝑄𝑀 + 𝑄𝑆 (5) 

where, QT denotes the total flow.  

By applying Eq. (4) into Eq. (5), Eq. (6) derives as: 

𝑄𝑆 = 𝑄𝑇[1 + (𝑅𝑆 (𝑅𝐷 + 𝑅𝑀)⁄ )]−1 (6) 

In the absence of the droplet and before valve actuation, the pressure balance between the main and the 

high resistance secondary channel ensures that most of the flow passes through the main channel. Based 

on Eq. (1), actuating the valve decreases the width of the entrance of the loop and so increases the 

hydrodynamic resistance of the deformable part of the main channel, RD. This causes more fluid to pass 

via the secondary channel.  

When two different phases are present in the microfluidic channel, additional pressure changes occur 

over the interfaces between continuous and dispersed phases due to the surface tension [53]. 

∆𝑃 = 𝑅𝑄 + 2𝛾𝐻 (7) 

where, 𝛾 and 𝐻 are the interfacial tension between the two phases and mean curvature of the interface, 

respectively. The mean curvature of interface is the inverse of radius of curvature based on Young-

Laplace equation [53, 54]. 

By substituting Eq. (7) in Eq. (3), Eq. (8) derives as: 

(𝑅𝐷 + 𝑅𝑀)𝑄𝑀 + 2𝛾𝐻𝑀 = 𝑅𝑆𝑄𝑆 + 2𝛾𝐻𝑆 (8) 

where, HM = 1/rM and HS = 1/rS. rM and rS are the radius of the front interface of the mother droplet and 

the radius of the interface of finger, respectively (Figs. 1 (a) and (b)). Finally, replacing Eq. (8) in Eq. 

(5) results in: 

𝑄𝑆 = (𝑄𝑇 − [2𝛾(𝐻𝑆 − 𝐻𝑀)])[1 + (𝑅𝑆 (𝑅𝐷 + 𝑅𝑀)⁄ )]−1 (9) 

Hence, in the presence of droplets, upon actuation of the valve two effects promote a higher flow rate 

in the bypass channel. These are the change in flow resistance and the change in the curvature of the 

front of the droplet. In the latter, as the droplet passes the constriction the curvature of the front interface 

in the main channel, HM is increased (Fig. 1(b)). To confirm this, Fig. A.2.(a) shows the results of the 

numerical analaysis for the system operating at Oil Pressure = 400 mbar and Water Pressure = 500 mbar 

at different time instances. We placed a constriction, similar in size to the operating valve, opposite the 

entrance to the bypass channel in one model (Fig. A.2.(b)), and opposite its exit in a second model (Fig. 

A.2.(c)). In the latter, only the flow resistance change will be relevant to the finger length created in the 

entrance of the bypass channel. Whilst in the former the radius change of the front interface will also 

play a role. When we plotted the finger length as a function of time in Fig. A.2.(a), we saw an increase 

of 50% in the finger length when the constriction was at the entrance to the bypass for tii ≅
0.005s confirming the additional effect of the deformed interface of the droplet on finger size. 

Under certain flow conditions, when there is no valve actuation, we can expect the droplet to pass along 

the main channel intact, a finger into the bypass channel will develop, but it will then retract and the 

droplet will not split. However, when the valve is actuated, we can expect the two effects identified here 

to increase the flow into the bypass channel, and hence increase the finger length. This gives the 

possibility of using the valve to move from a non-splitting condition (Fig. 1(a)) to a splitting condition 

(Fig. 1(c)) for the droplet.    

3. Results and discussion 
We first explore the operating conditions when the valve is not activated, showing that depending on 

the inlet pressure of the oil and water phases, the droplets formed may or may not split at the entrance 

to the bypass channel. In Fig. 2(a) the two inlet pressures were varied independently between 0 and 900 

ACCEPTED M
ANUSCRIP

T



 
 

6 
 

mbar, four regimes were observed in the splitting behaviour. Non-splitting regime for the case that none 

of the droplets which passed through the inlet of the loop is split, a transition regime in which less than 

10% of droplets are split, and low efficiency splitting regime (LESR) and high efficiency splitting regime 

(HESR) in which between 10% and 50% and more than 50% of droplets are split, respectively. An 

increase in water inlet pressure, whilst oil inlet pressure is constant, gives rise to larger mother droplets, 

as can be seen by comparing Figs. 2(b) i and ii. Whilst, at higher oil pressure, and a fixed water pressure, 

smaller droplet are formed, as shown in Figs. 2(b) ii and iii. If the ratio between the pressure in the 

dispersed and continuous phases is fixed, then the mother droplet size is fixed, this can be seen from 

Figs. 2(b) i and iii, and is also true for Figs. 2(b) ii and iv. However, based on the same comparison 

between Figs. 2(b) i and iii, and Figs. 2(b) ii and iv, increasing the pressure of inlets while the relative 

pressure ratio of inlets is kept constant, increases the speed of same sized droplets (from 7300 μm/s for 

case i to 15600 μm/s for case iii and from 9600 μm/s for case ii to 18300 μm/s for case iv) and decreases 

the distance between following mother droplets. It should be noted here that whilst the splitting outcome 

of i and iii is the same (splitting does not occur), this is not true for the latter, case ii does not split, 

whilst iv does. Clearly, splitting events are not dictated by droplet size alone. In case iv, daughter 

droplets are created each time a mother droplet passes the entrance to the bypass, as such multiple 

droplets are seen in the bypass channel, this gives an indication of the relatively slow speed of fluid 

motion in the bypass compared to the main channel. 

To explore the effect of the valve, the same pressure ranges are tested for each inlet, however, the valve 

is also pressurised at 800 mbar. Again, splitting behaviour is characterised using the same four regime 

descriptions, the results are shown in Fig. 2(c). Here, the transition regime has shifted leftward (towards 

lower water pressures). What we observe from the experiments is that in each case, the finger length 

formed is significantly larger than that of the non-activated valve case. Comparison between Figs. 2(b) 

ii and vi shows that actuating the valve to 800 mbar results in breaking up some of the droplet, whilst 

for the unactuated valve no splitting was observed. To relate this shift in behaviour to the valve actuation 

pressure, the data from further experiments with two additional valve pressures have been summarised 

by simply plotting a line following the transition region for each case in Fig. 2(d). It can be seen that 

with increasing valve pressure, as the channel constricts further, the transient regime is shifted further 

towards low water pressures. When a valve pressure of 1100 mbar is used, the droplets are split in all 

cases. This initial data set clearly shows that we can control the breakup region by actuating the valve.  

In Fig. 2, the regimes are classified by the water pressure and oil pressure, this classification is explored 

further in Fig. A.3.(a), in which the valve efficiency is shown as a function of valve pressure for a range 

of different inlet pressure conditions (the inset shows the location of these conditions on the same axes 

used in Fig. 2(d)). The valve efficiency is defined as the ratio of the number of split droplets in the 

bypass channel to the total number of droplets that pass the inlet to this loop. In each case, it can be 

seen that, for a fixed set of inlet conditions, increasing the actuation pressure of the valve increases the 

efficiency up to 1000 mbar. Above this valve pressure, some of the daughter droplets, that are formed, 

re-enter the main channel via the entrance of the bypass loop. This seems to occur as the deformation 

is such that the main channel is narrower than the bypass channel.  

The data plotted in Fig. A.3.(a) shows that for the same continuous phase inlet condition (Oil Pressure 

= 500 mbar), increasing the water pressure increased the valve efficiency, this is because larger mother 

droplets are formed at the droplet generation T-junction. When these larger mother droplets interact 

with the entrance to the bypass channel, longer fingers are formed in the entrance and so even in the 

absence of the valve, they are closer to the condition at which splitting occurs. Hence a small bulge in 

the valve is required to switch regime, such that splitting occurs. The opposite trend is observed if the 

oil pressure is increased, whilst the water pressure is kept constant (Water Pressure = 500 mbar). It 

should be noted here that the efficiency never goes above 67% in the experiments conducted. In the 

context of splitting every droplet, this would be a poor outcome. However, in the application of selective 

delivery of individual daughter droplets, the key feature is the repeatability of the splitting of the first 

droplet. Conceptually, the droplet of interest would be identified, and the valve actuated, what is 

desirable is that this, and only this droplet is then split i.e. selective breakup of a droplet. Next we 

examine the notion of selectivity in this context.  
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Specifically we wish to split the first droplet after actuation, it can be arranged that each droplet contains 

a different chemical, hence selective splitting gives the ability to pipette specific chemicals into 

reactions sites.  In the absence of valve actuation, the pressure imposed in the inlets of continuous and 

dispersed phases can be fully controlled and brought near the transition line between non-splitting and 

splitting, one set of conditions to achieve this are Oil Pressure = 400 mbar and Water Pressure = 500 

mbar. Fig. A.4.(a) shows images of operation under these conditions, and demonstrates that increasing 

the pressure of valve, increases the maximum finger length, such that at a specific valve pressure, here 

600 mbar, droplets randomly start to break up (Fig. A.4.(b)). In the case shown, the sixth droplet which 

passes after valve actuation was split. This breaking up happens during the retreating of the droplet to 

the main channel and can be considered as a retarded breakup [54]. 

Again, this is not desirable when selectivity is of interest. However, if the valve pressure is further 

increased by between 50-100 mbar and subsequently the width of deformation is increased by 4-8 𝜇𝑚, 
the result is that the first droplet is split (see supporting Video. A.1. for more details). An example of 

this repeatable effect is shown in Fig. A.4.(c). Once the daughter droplet is in the bypass channel, 

subsequent droplets do not split, so the valve efficiency, as detailed in Fig. A.3., remains low, but the 

desired droplet is split. This occurs as the presence of the daughter droplet in the bypass channel causes 

a change in the pressure balances. This could be rectified by changing the design of the bypass channel, 

for example, if the droplets are well spaced, then the speed of valve deflation can be slower than the 

interspacing time between droplets. Fig. 3(a) demonstrates this effect over a wider range of conditions, 

here the valve pressure required to randomly split a droplet is compared to the slightly higher value 

required to ensure the first droplet during valve actuation is split. It can be seen that the increase 

required, in the valve pressure, is no more than 100 mbar. Images of droplet behaviour are shown for 

different cases of valve pressure in Fig. 3(b).  

To confirm this, Fig. A.5. shows the valve operating at 650 mbar for Oil Pressure = 400 mbar and Water 

Pressure = 500 mbar at different time instances (see supporting Videos. A.2. and A.3. for more details). 

The data shows that exactly the first mother droplet which passed the loop during actuation of valve 

splits, subsequently for the duration of time in which the daughter droplet is in the loop, no further 

mother droplet splits. This shows that the valve can split targeted droplets, hence is selective, provided 

the correct actuation pressure is used. In addition, it can be seen that the time response of the valve is 

around 0.05s which makes it at least 20 times faster than an earlier SAW actuated droplet splitting 

system [20]. 

To examine the size of the daughter droplet formed, Fig. 4(a) measures the length of the finger drawn 

into the bypass channel, it can be seen from the range of conditions examined that the length of the 

finger grows continuously with time as the mother droplets passes the bypass entrance. This occurs with 

or without valve actuation. Comparison between Figs. 4(a) i and ii shows that when valve is actuated 

with 1000 mbar pressure, the maximum finger size is approximately increased by 135% for these small 

mother droplets, while for larger mother droplets only 55% increment in size has been observed by 

comparison between Figs. 4(a) iii and v. The corresponding finger lengths are shown in Fig. 4(b).  

As a result of this lesser effect on the finger length for the larger droplets, the range of daughter droplet 

sizes that can be produced are smaller. Fig. 5(a) shows the relative volume of daughter droplet to the 

mother droplet versus the valve pressure for two inlet conditions which produce different mother droplet 

volumes. The droplet breakup with different relative volumes obtained at different valve pressures, 

indicated in Fig. 5(a), and predicted by the numerical simulations shown in Figs. 5(b) and (c), are shown 

in Fig. 5(d). It can be seen in Fig. 5(a) that the range of relative volume of daughter droplets are up to 

approximately 10% for larger droplets and 20% for the smaller mother droplets. The maximum ratio is 

split from the main droplet when valve is working in the optimum pressure of 1000 mbar. This 

demonstrates that inlet pressures, which control mother droplet volume can be used to set the range of 

daughter droplet volumes which can be produced. For example, if a narrow range is required which 

shows little variation with valve pressure, and hence is robust to fluctuations, then longer droplets 

should be used. Whilst for the ability to dispense droplets of different sizes a shorter mother droplet is 

desirable. 
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4. Conclusions 
As a novel, selective and compact high throughput screening system, our system uses a single layer 

valve to split droplets on demand. A microfabricated membrane is pressurised to deform precisely 

which selectively breaks up desired droplets. Control over the pressure of two inlets and one valve 

simultaneously, gives users the ability to completely dictate the range of droplets that can be produced 

in the new splitting system. The effect of pressure induced in the valve on the daughter droplet sizes 

was also numerically investigated which qualitatively validated the trend observed experimentally and 

the results was used to back up the underlying physics of proposed system. Being cheap, simple, high 

speed and selective, are some of the advantages of our newly-introduced splitting system. In addition 

to the biocompatibility of the selective droplet partitioning system, the slight change in pressure induced 

by the valve, prolongs the device durability and prevents channel damage. When our splitting technique 

is combined with the traditional merging system, it can be used as a high throughput system for 

combinatorial library purposes. More studies for the evaluation of the effect of ejected daughter droplets 

on the pressure in the main and secondary channels needs to be done to show that successive bypass 

loops can be used as independent units for on demand splitting and merging.   

Appendix A: Supplementary Information 
Supplementary data associated with this article can be found in the online version.  

References 
[1] E. Brouzes, M. Medkova, N. Savenelli, D. Marran, M. Twardowski, J.B. Hutchison, J.M. Rothberg, 
D.R. Link, N. Perrimon, M.L. Samuels, Droplet microfluidic technology for single-cell high-throughput 
screening, Proceedings of the National Academy of Sciences, 106 (2009) 14195-14200. 
[2] A. Rakszewska, J. Tel, V. Chokkalingam, W.T. Huck, One drop at a time: toward droplet microfluidics 
as a versatile tool for single-cell analysis, NPG Asia Materials, 6 (2014) e133. 
[3] I. Shestopalov, J.D. Tice, R.F. Ismagilov, Multi-step synthesis of nanoparticles performed on 
millisecond time scale in a microfluidic droplet-based system, Lab on a Chip, 4 (2004) 316-321. 
[4] J. Li, D. Barrow, A new droplet-forming fluidic junction for the generation of highly 
compartmentalised capsules, Lab on a Chip, 17 (2017) 2873-2881. 
[5] D.-K. Kang, X. Gong, S. Cho, J.-y. Kim, J.B. Edel, S.-I. Chang, J. Choo, A.J. deMello, 3D droplet 
microfluidic systems for high-throughput biological experimentation, Analytical chemistry, 87 (2015) 
10770-10778. 
[6] M. Berg, K. Undisz, R. Thiericke, P. Zimmermann, T. Moore, C. Posten, Evaluation of liquid handling 
conditions in microplates, Journal of biomolecular screening, 6 (2001) 47-56. 
[7] W.P. Janzen, High Throughput Screening, in:  Molecular Biomethods Handbook, Springer, 2008, pp. 
1097-1118. 
[8] M. Sesen, T. Alan, A. Neild, Droplet control technologies for microfluidic high throughput screening 
(μHTS), Lab on a Chip, 17 (2017) 2372-2394. 
[9] T. Thorsen, R.W. Roberts, F.H. Arnold, S.R. Quake, Dynamic pattern formation in a vesicle-
generating microfluidic device, Physical review letters, 86 (2001) 4163. 
[10] X. Niu, F. Gielen, J.B. Edel, A microdroplet dilutor for high-throughput screening, Nature 
chemistry, 3 (2011) 437-442. 
[11] F. Gielen, L. van Vliet, B.T. Koprowski, S.R. Devenish, M. Fischlechner, J.B. Edel, X. Niu, A.J. 
deMello, F. Hollfelder, A fully unsupervised compartment-on-demand platform for precise nanoliter 
assays of time-dependent steady-state enzyme kinetics and inhibition, Analytical chemistry, 85 (2013) 
4761-4769. 
[12] T. Glawdel, C. Elbuken, C.L. Ren, Droplet formation in microfluidic T-junction generators operating 
in the transitional regime. I. Experimental observations, Physical Review E, 85 (2012) 016322. 
[13] X. Chen, T. Glawdel, N. Cui, C.L. Ren, Model of droplet generation in flow focusing generators 
operating in the squeezing regime, Microfluidics and nanofluidics, 18 (2015) 1341-1353. 

ACCEPTED M
ANUSCRIP

T



 
 

9 
 

[14] Y.-C. Tan, V. Cristini, A.P. Lee, Monodispersed microfluidic droplet generation by shear focusing 
microfluidic device, Sensors and Actuators B: Chemical, 114 (2006) 350-356. 
[15] E. Piccin, D. Ferraro, P. Sartori, E. Chiarello, M. Pierno, G. Mistura, Generation of water-in-oil and 
oil-in-water microdroplets in polyester-toner microfluidic devices, Sensors and Actuators B: Chemical, 
196 (2014) 525-531. 
[16] X. Niu, S. Gulati, J.B. Edel, Pillar-induced droplet merging in microfluidic circuits, Lab on a Chip, 8 
(2008) 1837-1841. 
[17] M. Sesen, T. Alan, A. Neild, Microfluidic on-demand droplet merging using surface acoustic waves, 
Lab on a Chip, 14 (2014) 3325-3333. 
[18] J.H. Jung, K.H. Lee, G. Destgeer, K.S. Lee, H. Cho, B.H. Ha, H.J. Sung, In situ seriate droplet 
coalescence under an optical force, Microfluidics and nanofluidics, 18 (2015) 1247-1254. 
[19] X. Chen, A. Brukson, C.L. Ren, A simple droplet merger design for controlled reaction volumes, 
Microfluidics and nanofluidics, 21 (2017) 34. 
[20] M. Sesen, C. Devendran, S. Malikides, T. Alan, A. Neild, Surface acoustic wave enabled pipette on 
a chip, Lab on a Chip, 17 (2017) 438-447. 
[21] J.H. Jung, G. Destgeer, B. Ha, J. Park, H.J. Sung, On-demand droplet splitting using surface acoustic 
waves, Lab on a Chip, 16 (2016) 3235-3243. 
[22] J. Park, J.H. Jung, K. Park, G. Destgeer, H. Ahmed, R. Ahmad, H.J. Sung, On-demand acoustic 
droplet splitting and steering in a disposable microfluidic chip, Lab on a Chip, 18 (2018) 422-432. 
[23] C. Kunstmann-Olsen, M.M. Hanczyc, J. Hoyland, S. Rasmussen, H.-G. Rubahn, Uniform droplet 
splitting and detection using lab-on-chip flow cytometry on a microfluidic PDMS device, Sensors and 
Actuators B: Chemical, 229 (2016) 7-13. 
[24] D.N. Adamson, D. Mustafi, J.X. Zhang, B. Zheng, R.F. Ismagilov, Production of arrays of chemically 
distinct nanolitre plugs via repeated splitting in microfluidic devices, Lab on a Chip, 6 (2006) 1178-
1186. 
[25] S.-Y. Teh, R. Lin, L.-H. Hung, A.P. Lee, Droplet microfluidics, Lab on a Chip, 8 (2008) 198-220. 
[26] Y.-C. Tan, J.S. Fisher, A.I. Lee, V. Cristini, A.P. Lee, Design of microfluidic channel geometries for 
the control of droplet volume, chemical concentration, and sorting, Lab on a Chip, 4 (2004) 292-298. 
[27] R. Seemann, M. Brinkmann, T. Pfohl, S. Herminghaus, Droplet based microfluidics, Reports on 
progress in physics, 75 (2011) 016601. 
[28] D. Link, S.L. Anna, D. Weitz, H. Stone, Geometrically mediated breakup of drops in microfluidic 
devices, Physical review letters, 92 (2004) 054503. 
[29] E. Um, M.E. Rogers, H.A. Stone, Combinatorial generation of droplets by controlled assembly and 
coalescence, Lab on a Chip, 13 (2013) 4674-4680. 
[30] D.R. Link, E. Grasland‐Mongrain, A. Duri, F. Sarrazin, Z. Cheng, G. Cristobal, M. Marquez, D.A. 
Weitz, Electric control of droplets in microfluidic devices, Angewandte Chemie International Edition, 
45 (2006) 2556-2560. 
[31] C.N. Baroud, M.R. de Saint Vincent, J.-P. Delville, An optical toolbox for total control of droplet 
microfluidics, Lab on a Chip, 7 (2007) 1029-1033. 
[32] T.H. Ting, Y.F. Yap, N.-T. Nguyen, T.N. Wong, J.C.K. Chai, L. Yobas, Thermally mediated breakup of 
drops in microchannels, Applied Physics Letters, 89 (2006) 234101. 
[33] S.K. Cho, H. Moon, C.-J. Kim, Creating, transporting, cutting, and merging liquid droplets by 
electrowetting-based actuation for digital microfluidic circuits, Journal of microelectromechanical 
systems, 12 (2003) 70-80. 
[34] H. Geng, J. Feng, L.M. Stabryla, S.K. Cho, Droplet manipulations by dielectrowetting: Creating, 
transporting, splitting, and merging, in:  2017 IEEE 30th International Conference on Micro Electro 
Mechanical Systems (MEMS), 2017, pp. 113-116. 
[35] M. Sesen, T. Alan, A. Neild, Microfluidic plug steering using surface acoustic waves, Lab on a Chip, 
15 (2015) 3030-3038. 
[36] M.A. Unger, H.-P. Chou, T. Thorsen, A. Scherer, S.R. Quake, Monolithic microfabricated valves and 
pumps by multilayer soft lithography, Science, 288 (2000) 113-116. 

ACCEPTED M
ANUSCRIP

T



 
 

10 
 

[37] M. De Volder, D. Reynaerts, Pneumatic and hydraulic microactuators: a review, Journal of 
micromechanics and microengineering, 20 (2010) 043001. 
[38] C.I. Rogers, J.B. Oxborrow, R.R. Anderson, L.-F. Tsai, G.P. Nordin, A.T. Woolley, Microfluidic valves 
made from polymerized polyethylene glycol diacrylate, Sensors and Actuators B: Chemical, 191 (2014) 
438-444. 
[39] A.K. Yetisen, A.F. Coskun, G. England, S. Cho, H. Butt, J. Hurwitz, M. Kolle, A. Khademhosseini, A.J. 
Hart, A. Folch, Art on the Nanoscale and Beyond, Advanced Materials, 28 (2016) 1724-1742. 
[40] J.-H. Choi, S.-K. Lee, J.-M. Lim, S.-M. Yang, G.-R. Yi, Designed pneumatic valve actuators for 
controlled droplet breakup and generation, Lab on a Chip, 10 (2010) 456-461. 
[41] S. Zeng, B. Li, X. Su, J. Qin, B. Lin, Microvalve-actuated precise control of individual droplets in 
microfluidic devices, Lab Chip, 9 (2009) 1340-1343. 
[42] Y. Chen, Y. Tian, Z. Xu, X. Wang, S. Yu, L. Dong, Microfluidic droplet sorting using integrated bilayer 
micro-valves, Applied Physics Letters, 109 (2016) 143510. 
[43] N. Sundararajan, D. Kim, A.A. Berlin, Microfluidic operations using deformable polymer 
membranes fabricated by single layer soft lithography, Lab on a Chip, 5 (2005) 350-354. 
[44] S. Lee, J.C. Chan, K. Maung, E. Rezler, N. Sundararajan, Characterization of laterally deformable 
elastomer membranes for microfluidics, Journal of micromechanics and microengineering, 17 (2007) 
843. 
[45] A.R. Abate, M.B. Romanowsky, J.J. Agresti, D.A. Weitz, Valve-based flow focusing for drop 
formation, Applied Physics Letters, 94 (2009) 023503. 
[46] A. Abate, D. Weitz, Single-layer membrane valves for elastomeric microfluidic devices, Appl Phys 
Lett, 92 (2008) 243509. 
[47] A.R. Abate, J.J. Agresti, D.A. Weitz, Microfluidic sorting with high-speed single-layer membrane 
valves, Applied Physics Letters, 96 (2010) 203509. 
[48] A. Jamshaid, M. Igaki, D.H. Yoon, T. Sekiguchi, S. Shoji, Controllable active micro droplets merging 
device using horizontal pneumatic micro valves, Micromachines, 4 (2013) 34-48. 
[49] D.H. Yoon, J. Ito, T. Sekiguchi, S. Shoji, Active and precise control of microdroplet division using 
horizontal pneumatic valves in bifurcating microchannel, Micromachines, 4 (2013) 197-205. 
[50] H.-D. Xi, H. Zheng, W. Guo, A.M. Gañán-Calvo, Y. Ai, C.-W. Tsao, J. Zhou, W. Li, Y. Huang, N.-T. 
Nguyen, Active droplet sorting in microfluidics: a review, Lab on a Chip, 17 (2017) 751-771. 
[51] S.N. Agnihotri, M.R. Raveshi, R. Bhardwaj, A. Neild, Droplet Breakup at the Entrance to a Bypass 
Channel in a Microfluidic System, Physical Review Applied, 11 (2019) 034020. 
[52] H. Bruus, Theoretical microfluidics, Oxford university press Oxford, 2007. 
[53] J.M. Kirshner, Design theory of fluidic components, Academic Press, 2012. 
[54] L. Ménétrier-Deremble, P. Tabeling, Droplet breakup in microfluidic junctions of arbitrary angles, 
Physical Review E, 74 (2006) 035303. 

 

Biographies 

 

Mohammad Reza Raveshi obtained his M.Sc. (2009) and B.Sc. (2012) Eng degrees in Mechanical enginnering 

from K.N. Toosi University of Technology, Iran. From July 2016 to present he is a PhD research scholar at the 

Department of Mechanical & Aerospace Engineering, Monash University, Australia. His research interest 

includes microfluidics, nanofluids and acoustofluidics and his current work is focused on active techniques for 

microdroplet manipulations including microfluidic valves and surface acoustic waves. 

 

ACCEPTED M
ANUSCRIP

T



 
 

11 
 

 Sagar N. Agnihotri is currently a PhD Research scholar at IITB-Monash Research Academy, which is a 

collaboration of Indian Institute of Technology Bombay (IITB) India and Monash University Australia. His 

research interest is droplet-based microfluidics. He is currently working on droplet breakup using passive 

techniques. 

 

 Muhsincan Sesen is a Research Associate at the Institute of Biological Chemistry, Biophysics and 

Bioengineering at Heriot-Watt University. He obtained his B.Sc. and M.Sc. in Mechatronics Engineering from 

Sabanci University in 2009 and 2011, respectively. He completed his Ph.D degree in 2016 at the Department of 

Mechanical & Aerospace Engineering, Monash University. His research aims to develop end-user microfluidic 

products for biology and chemistry by utilising state of the art fabrication, electroactuation and automation 

techniques. 

 

Rajneesh Bhardwaj is currently serving as Associate Professor in Mechanical Engineering Department at IIT 

Bombay, India. His research interests are in interfacial flows, microfluidics and fluid-structure interaction. He 

earned Ph.D. with distinction from Columbia University, New York, USA in 2009 and was a postdoctoral fellow 

at Johns Hopkins University, Baltimore, USA before joining IIT in 2012. 

 

Adrian Neild is a Professor and Associate Dean in the Faculty of Engineering at Monash University. He received 

a Ph.D. in Engineering from the University of Warwick in 2003. After working as a postdoctoral researcher at the 

Institute for Mechanical Systems at the Swiss Federal Institute of Technology, Zurich (ETH Zurich), he 

subsequently joined Monash University in 2006. His research interests are in microsystems, including 

microsensors and microfluidics. Recently, he has been working on researching external actuation methods for two 

phase microfluidic systems. 

  

ACCEPTED M
ANUSCRIP

T



 
 

12 
 

Figures Captions 

 

Fig. 1. Depiction of the selective droplet partitioning system. (a) Mother droplets are produced in a T-junction 

and passes the entrance of the bypass loop when the valve is off. Non-splitting regime dominates under these 

conditions. (b) The valve is actuated which results in deforming the channel wall and guiding more fluid into the 

secondary channel. The finger length increases as a result of changing in flow resistance and curvature of the front 

of the droplet. (c) Under these conditions the mother droplet passes along the main channel after splitting has 

occurred.   
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Fig. 2. Classification of splitting regimes by the frequency and size of mother droplets (a) Regime map shows 

four splitting regimes in the absence of valve on Oil Pressure-Water Pressure plane; (1) Non-splitting Regime 

with black square markers (2) Transition Regime with red circle markers (3) LESR (Low efficiency splitting 

regime) with blue triangle markers (4) HESR (High efficiency splitting regime) with green diamond markers (b) 

Images show the droplet behaviour in the entrance of bypass loop in the absence (i) - (iv) and presence of 800 

mbar activated valve (v) - (viii). (c) Regime map shows four splitting regimes in the presence of activated valve 

on the pressure of 800 mbar on Oil Pressure-Water Pressure plane. (d) Transient lines follow the transition regions 

showing the transition from non-splitting to splitting regimes in four different valve pressures; 0 mbar, 800 mbar, 

1000 mbar and 1100 mbar.  
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Fig. 3. (a) Comparison between the pressure which is required to split droplets randomly and the pressure which 

is needed to split the first coming droplets for different inlet conditions (b) Experimental images for the indicated 

data points (i) - (v).  

 

Fig. 4. Plot shows the finger length as the function of frame numbers for small droplets (Oil Pressure = 800 mbar 

and Water Pressure = 500 mbar) and large droplets (Oil Pressure = 400 mbar and Water Pressure = 500 mbar) in 
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the absence and presence of the valve that is actuated to 1000 mbar. (b) While in the absence of valve, finger 

reaches the maximum size of 74 𝜇𝑚 (i) as valve is actuated finger reaches the maximum size of 174 𝜇𝑚 (ii) for 

small droplets. On the other hand, for large droplets maximum finger lengths are 124 𝜇𝑚 (iv) and 192 𝜇𝑚 (v) in 

the absence and presence of actuated valve with the pressure of 1000 mbar. 

 

Fig. 5. Plot shows the relative volume of daughter droplet to the mother droplet for small droplets (Oil Pressure 

= 800 mbar and Water Pressure = 500 mbar) and large droplets (Oil Pressure = 400 mbar and Water Pressure = 

500 mbar). (b) Contours are extracted images from numerical simulation for the Deformation = 36 𝜇𝑚 related to 

the Valve Pressure = 600 mbar, (1) before and (2) after of droplet passing the entrance of bypass loop. (c) Two 

images from numerical simulation are shown, (1) before and (2) after splitting of the mother droplet, this occurs 

for a deformation of 40 𝜇𝑚 equivalent to an experimental valve pressure of 650 mbar, results show that 7% and 

8% of mother droplet split numerically and experimentally. (d) Experimental images for the indicated data points 

(i) - (vi).  
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