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Abstract 

Droplet microfluidics involves the use of small volumes of fluids dispersed in an 

immiscible phase to perform multiple functions. Droplet microfluidics brings advantages 

such as the miniaturization of experiments, portability of devices, efficient use of 

resources and capabilities for scaling up production. These tools have been finding their 

use in a broad range of applications, from chemical and biological analysis to optics and 

information technology. Various types of controls have been developed to enable the 

manipulation of droplets. These techniques are categorized into passive and active 

methods. Passive methods only involve the device geometries and the fluid flow. Active 

techniques on the other hand provide another level of controllability for adjusting 

droplet parameters, allowing rapid change of droplet parameters within a single 

experiment. This flexibility enables user to select parameters and subsequent actions on 

the same device. Particularly, droplet-on-demand systems benefit from these 

techniques.  

The aim of this thesis is the development of different active methods for droplet 

manipulation. The thesis first focuses on three active control methods, pneumatic, 

acoustic and electric. Firstly, negative pressure is applied for the controlling droplet 

generation in a device. The novel application of negative pressure directly affects the 

flow in the microchannel to generate droplets on demand. This control approach, unlike 

other active approaches eliminates space constraints within the device with no need for 

external equipment. Next, a new fabrication approach for interdigitated transducers for 

generating acoustic waves was developed. This approach eliminates the use of 

expensive fabrication equipment and simplifies fabrication procedures. Acoustic 

streaming in a droplet was successfully demonstrated with these transducers. Finally, 
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electric methods are used for controls in droplet generation and coalescence. Non-

Newtonian droplets are generated through application of the electric field. On-demand 

coalescence of droplets is also observed using a combination of AC electric field and a 

micropillar.  

The new approaches reported in this thesis provide a greater versatility in 

microfluidics applications. The simpler alternatives suggested here would overcome 

current limitations of fabrication complexity and large device footprint, allowing 

microfluidics to be more accessible and easily implemented. The outcome of this thesis 

contributes to enhancing the uptake of microfluidics in multidisciplinary research and to 

broadening the user base of this technology. 
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1. Introduction 

1.1 Background of Droplet Microfluidics 

Standing at the threshold of the next industrial revolution, manufacturers and 

other industry players are facing an overarching demand for miniaturization and cost 

savings1. This demand sparks public interest in lab-on-a-chip devices that are able to 

accomplish highly sophisticated tasks with ease and low costs. Microfluidics in its full 

beauty has emerged from the lab-on-a-chip concept, comprising of the use of delicate 

channels with widths as small as a strand of hair to carry out a wide range of experiments 

and applications2-7. In contrast to traditional research, where large setups and huge 

resources are required, microfluidic systems typically only require minimal equipment 

and resources to produce the same results. This advancement simultaneously results in 

a significant reduction of cost, while still offering a similar benefit of being a 

contaminant-free environment across the entire experimental setup. By limiting the risk 

of contamination within a single device, highly sensitive and critical experiments such as 

those in biology6-8 can thus be performed.  

Through the introduction of two or more different types of fluids into a system, 

interactions between these fluids can be observed, especially for the generation of 

droplets. These unique microfluidic methods are called “Droplet Microfluidics”. The 

droplets can have volumes as low as femtolitres (10-15 Litres)9, while being physically 

separated from each other. The droplets are generally monodispersed and can be 

generated at a high rate in the order of 1,000 droplets per second10. These characteristic 

properties enable each generated droplet to emulate a small microreactor, which can 

be processed as a single experiment with high precision. Alongside the high throughput 
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capabilities, multiple experiments can be carried out simultaneously with highly 

accurate results. 

A microfluidic system has to be versatile to incorporate these benefits into 

research applications. According to the requirements of experiments, researchers 

should be able to control and manipulate the droplets by designing different structures 

and elements within the device to carry out a range of droplet manipulation tasks. These 

actions are generating11, sorting12, trapping13, merging14, mixing15, and lastly splitting16 

of droplets. Droplet generation refers to the production of monodispersed droplets due 

to the interaction of two or more fluids at a junction within the system. Droplet sorting 

induces a force on the targeted droplets to cause a deviation in their flow path and 

subsequent separation. Droplet trapping involves the deliberate containment of 

droplets within a fluidic chamber for an extended period of time. Droplet merging is the 

manipulation of two or more droplets to form a single droplet. Droplet mixing refers to 

the mixing of two or more different types of fluids within a single droplet. Droplet 

splitting is the breaking-up process of a single droplet into two smaller daughter droplets. 

Each of these different manipulation tasks can be selectively integrated in a mix-and-

match fashion within a single microfluidic device to achieve the results. Nonetheless, to 

carry out these kinds of manipulations, control methods are required and are generally 

classified as passive and active methods. 

Passive control methods refer to the use of permanent structures or the 

adjustment of fixed parameters within a microfluidic device, affecting all droplets 

passing through the system17. This category of methods often depends on the fluid flow 

dynamics within the channel. Examples of passive methods are hydrodynamic sorting of 

droplets based on size18, droplet merging due to droplet-pillar interaction15, droplet 
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splitting across T-junction for multiplex array detection19, droplet mixing due to 

serpentine channel20, droplet trapping using fixed chamber arrays13, and size variation 

of droplet generation based on the capillary number21. Passive methods have the 

advantage of simple fabrication as all structures can be developed at one go without 

additional steps. However, passive methods are rigid and inflexible. This means that all 

droplets have to undergo the same manipulation steps without selectivity. The effect of 

each control method cannot be adjusted within each device. Passive controls also rely 

heavily on the hydrodynamic properties of the working fluid. This means that for a fixed 

set of fluids, multiple sets of designs have to be fabricated to determine a working design 

for the required droplet manipulation. 

Active control methods, on the other hand, are based on the principle of 

introducing additional energy using external sources. Selective positioning of the various 

sources within the microfluidic system enables manipulation tasks such as droplet 

generation22 or merging13 and sorting23. Compared to the passive counterparts, the 

advantage of active control schemes is the high adjustability. This would thus allow the 

optimization and on-demand application of the effect generated within a single device24-

26. Accordingly, active methods provide users the ability to target a particular droplet. 

Active methods also generally have a fast response25, 27, 28 in the order of milliseconds 

and are applied in a variety of droplet manipulations. These active methods can 

generally be classified as electrical27, magnetic29, thermal30, acoustic22 and pneumatic31 

controls. Each active method has its own advantages and disadvantages. However, 

active methods in general have the disadvantage of either requiring a complex 

fabrication procedure or a large device footprint, as  space within the device is needed 

for placing active components25, 26.  



4 
 

1.2 Motivation of Research 

Active controls in microfluidic devices bring huge benefits to the end user. 

However current systems employing such methods are mainly hindered by the 

disadvantages of having complex fabrication procedures or requiring a large device 

footprint. These disadvantages correspondingly result in the limited uptake of such 

methods by researchers and the industry, leading to sub-optimal experimentation and 

analysis, wasting resources and manpower. This thesis focuses on three active control 

methods, namely pneumatic, acoustic and electric, which are more commonly used in 

droplet microfluidics. 

Pneumatic controls can be carried out in two ways, either by modification of flow 

parameters or using deformable microvalves. The modification of flow parameters is 

considered as a passive form of control, which is not within the scope of this thesis. The 

use of microvalves, on the other hand, requires multilayer fabrication processes, 

illustrated in the use in Quake valves32, or deformable structures that are not long-

lasting13, 33. For acoustic and electrical controls however, the fabrication of the 

electrodes in these systems is the major concern. The conventional method of 

fabrication for such means is through sputter deposition or wet etching of aluminium, 

ITO, gold and chromium12, 34-36. User access to a sputter deposition machine can be 

relatively limited and multiple coats may need to be deposited37 depending on the 

substrate and metal combinations. Subsequently, after the formation of electrodes, 

precise alignment between electrodes and fluidic channels are required. The process of 

bonding the electrode layer with the design layer also presents  a high risk of leakage 

above the electrode itself, as a result of the poor bonding between the metal layer and 
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the polydimethylsiloxane (PDMS) substrate during the plasma bonding process. As such, 

it is imperative that these fabrication concerns are either resolved or circumvented.  

1.3 Scope of Research 

The research presented in this thesis was conducted with the aim of developing 

new mechanisms for active droplet controls for various types of droplet manipulations. 

In all approaches, devices are used with the microchannels fabricated in 

polydimethylsiloxane (PDMS). The PDMS part is then bonded on a glass slide before 

carrying out the subsequent experiments. Due to the variety of active approaches, the 

scope of the present thesis aims to focus on three types of active control: pneumatic, 

acoustic and electric methods. For the first method, the concept of active pneumatic 

actuation without the use of microvalves is developed. This can be achieved through 

negative pressure at the device outlet, where activation would result in the generation 

 

Figure 1.1 Scope of research where each new mechanism developed for each control 
method is used for droplet manipulation 
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of droplets from an initial stable interface. Droplet sizes can also be varied by introducing 

a negative pressure pulse. This method transforms the originally passive form of controls 

into an active form that enables on-demand generation of droplets. 

For acoustic actuation, a new fabrication method of the electrodes is introduced. 

This method of fabrication is superior to conventional means as it does not require 

additional equipment such as the sputtering machine for the fabrication of electrodes. 

Also, it does not require precise alignment between the electrode layer and fluidic layer. 

Close-ended channels for the electrodes are fabricated together with the microchannels 

in a single process. Subsequently, liquid metal, eutectic gallium indium (EGaIn),  fills the 

channels and forms the electrodes. As the filling of close-ended channels with liquid 

metal was previously claimed to be tedious and time consuming, this fallacy is disproved 

and further successfully demonstrated with acoustic mixing within a droplet38.  

With regard to electric controls, the same fabrication method is demonstrated, 

but with molten indium alloy. By using this fabrication technique, electrodes are 

precisely fabricated at the T-junction, where the two fluids interface. The activation of 

electric control allows the size adjustment of non-Newtonian droplets generated at the 

interface. Droplet generation on demand is also evident upon the activation of the 

electric field on the stable fluid-fluid interface. Using a separate device, a pair of 

electrodes is positioned alongside a fluidic channel with a micropillar placed at the 

centre of the microchannel. This same electric control is then applied for on-demand 

droplet merging within the channel. This phenomenon is used to merge daughter 

droplets that are produced when a droplet is obstructed by a micropillar. This 

concomitantly enables the on-demand formation of droplets of different sizes which can 

be further sorted according to their size.  
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1.4 Thesis Outline 

 The present thesis reports four different applications of active droplet controls 

for various manipulation tasks as depicted in Figure 1.1. Chapter 1 provides a brief 

introduction into droplet microfluidics with the motivation and scope of the research. 

Chapter 2 reviews the different types of active droplet control methods with examples 

of droplet manipulations. Chapter 3 reports the published work on droplet generation 

using active pneumatic control. This chapter introduces a novel method of directly 

applying negative pressure on a fluidic channel to generate droplets on demand. 

Chapter 4 presents the published work based on the pressurized filling of liquid metal 

Eutectic Gallium Indium (EGaIn) for the fabrication of interdigitated transducers in a 

surface acoustic wave (SAW) device. Based on this method of fabrication, acoustic 

streaming was evident with mixing within a droplet. Chapter 5 demonstrates the 

generation of non-Newtonian droplets using AC electric field in a T-junction device. This 

novel study of electric field application in a T-junction configuration brings about the 

ability of generating non-Newtonian droplets on demand. Chapter 6 demonstrates a 

new method of generating different droplet sizes on demand using selective droplet 

merging of daughter droplets exiting a micropillar. This control method is further 

enhanced with size-based sorting of the final droplets with the additional widening 

chamber at the end of the device. Chapter 7 provides an overall summary of the works 

reported in this thesis and perspectives on future works. 
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2.1 Introduction 

This chapter focuses on the different types of active controls in droplet 

manipulation. Droplet generation, sorting and coalescence are selected as the three 

main manipulation tasks for this review. The actuation schemes affect the droplet in the 

same way across the  different manipulation tasks. 

Droplet generation refers to the production of monodispersed droplets using 

two immiscible fluids. Droplets are formed through the injection of the fluids into a 

device with intersecting channels using a syringe pump or a pressure controller. At the 

intersecting junction, the two fluids develop an interface, which can be controlled 

passively by the pressure or flow rates of the fluids. In active control, the energy 

introduced into the microfluidics system is used to adjust the force balance at the fluidic 

interface, which in turn adjusts the parameters of the generated droplets. The use of 

active modulations in droplet generation enables users to control droplet size and 

frequency. It has also been previously presented that the response time for an active 

approach is in units of milliseconds, whereas the passive approach require several 

seconds or even minutes1.  

Droplet sorting is the separation of different droplets after their generation. 

Droplet sorting is usually done with the intention to select specific droplets from a large 

quantity. In active control, the energy introduced is used to push or pull the selected 

droplets2. The additional force causes the droplet to travel into a separate channel 

within the device. Active approaches in droplet sorting enable content-determined 

sorting, rather than sorting using physical properties of the droplet such as its size and 

density. Content-based sorting has a higher value with a broader variety of applications 
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as it is in most cases the main criteria used for droplet selection before subsequent 

actions or analysis can be taken.  

Finally, droplet coalescence is the merging process of two or more droplets to 

form a single larger droplet. Active methods induce merging through two phenomena. 

The first phenomenon reduces the thin film of the continuous phase between the two 

droplets, until they are close enough to trigger the coalescence. The second 

phenomenon involves the generation of instabilities across the surfaces of the droplets 

thereby causing the breakdown of the film between the droplets. Such active methods 

also enable the selective and precise addition of material into the droplet for biological 

experiments such as picoinjection3-5. 

2.2 Active Droplet Generation 

External energy affects the fluid-fluid interface at a junction, upsetting the 

equilibrium of inertial, viscous, and capillary forces. The additional energy causes the 

liquid finger to extend beyond the junction, subsequently forming droplets. By adjusting 

the amount of energy introduced, the formation frequency and the size of the droplet 

also change correspondingly. Zhu et al 1 provided a comprehensive review detailing the 

influence of the external forces on different aspects of this force balance. The review 

categorised the phenomena according to the type of energy. This review indicated that 

the energy introduced in a device may not necessarily result in a direct influence on the 

force balance. Instead, the influences can range widely from modifying fluid velocity and 

material properties to having independent effects based on the nature of the energy 

itself. As such, a more appropriate way to classify them would be in accordance to the 

type of energy or the type of active control. These classification methods have been 

used by Chong et al6 for active droplet generation, and the different control methods 
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are electrical, magnetic, thermal, acoustic, optical and mechanical. The present thesis 

also categorizes the different control methods following this approach. However, the 

mechanical section will be separated into hydraulic/pneumatic controls and 

piezoelectric controls, as both controls are distinct from each other. 

 Electrical Control 

Electric field is introduced into a device through electrodes. The electrodes are 

generally fabricated as part of the microfluidic device, and are usually made of indium 

tin oxide (ITO)7, 8. These electrodes have to be positioned such that the maximum effect 

of the electric field used is centred around the junction, where the two fluids meet. This 

electric field can be generated using either direct current (DC) or alternating current (AC) 

sources. The difference between these two sources lies in the voltage signal. A DC source 

provides a constant unidirectional voltage, whereas the polarity of the AC source 

reverses consistently according to its frequency. Although both approaches make use of 

a similar control method, the resultant influence on droplet generation is relatively 

different. 

2.2.1.1 Direct Current (DC) 

In DC control, a constant high voltage is applied to the dispersed phase and the 

droplet generation is analogous to a capacitor model, where the electric stress acting on 

on the fluidic interface is given as7  

𝑓 ~𝜀 𝐸  

Where 𝐸~𝑉/𝑑  is the electric field strength, 𝜀  is the permittivity of the continuous 

phase, and 𝑓  is the electric stress that increases with an electric voltage 𝑉 and inverse 

(1) 
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of the distance between electrodes 𝑑. In this case, the effect of the DC field is based on 

the normal stress balance on the continuous-dispersed interface,  

𝛾𝐶 = 𝑝 + (𝜀 𝐸 , + (𝜀 − 𝜀 )𝐸 , − 𝜀 𝐸 ) 

where 𝛾 , 𝐶 , 𝑝 ,  𝜀 , 𝜀 , 𝐸 , , 𝐸 ,  and 𝐸  correspond to the continuous-dispersed 

interfacial tension, local curvature of interface, local hydrostatic pressure, electric 

permittivity of continuous and dispersed phases, and the normal and tangential 

components of the electric fields of the continuous and dispersed phases respectively. 

As the voltage increases, the electrically induced stress correspondingly increases up to 

a point where it overcomes the surface tension, leading to instability at the interface. 

The instability subsequently leads to the ejection of droplets.  

A DC field allows a response time as fast as 10 µs7. This method can be applied 

to a droplet-on-demand system, where pulsed excitation can be used. This concept has 

been successfully demonstrated by He et al. 9 , 10, who generated femto-liter and pico-

liter volume droplets Figure 2.1. However the main disadvantage of this method is the 

possible contamination of the fluids used due to erosion, as the electrodes are in contact 

with the fluids11. 

(2) 
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2.2.1.2  Alternating Current (AC) 

In AC control, there are two frequency ranges, relative to the frequency of 

droplet generation. Methods working below the droplet generation frequency are 

termed as the low-frequency approach. Methods with a frequency above the droplet 

generation frequency are correspondingly termed high-frequency approaches. At low 

frequencies, the droplets generated are of irregular sizes due to them being out of phase 

with the excitation AC frequency and a hysteresis phenomenon. This mismatch in 

frequency also results in individual droplets being unevenly charged12. The hysteresis 

phenomenon can be explained by a RC electric circuit model with varying resistance. 

For high frequency AC fields, droplet generation is determined by the AC 

frequency and also the voltage applied. A paper published by Tan et al.13 discussed the 

influence of both parameters on the droplet size and the generation frequency, Figure 

2.2. Using a standard flow rate, experimental results suggest that the droplet size 

 

Figure 2.1 (a) Schematic diagram of experimental setup using DC electric field (b) 

Image sequence showing electro-generation of a water droplet with pulse amplitude 

of 1000V and pulse duration 10 ms. Scale bar represent 10 µm. Reprinted from 10 

with permission from American Chemical Society. 
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decreases in the dripping regime with an increasing voltage difference between the 

continuous and dispersed phase interface and the downstream electrodes. An RC circuit 

model was developed for his device to determine this relationship as given below13, 

𝑈 = 𝑈 (1 +
1

𝐶
𝐶

+ 2𝜋𝑗
𝑓
𝜅

𝐶
𝑙

)  

where 𝑈 , 𝑈 , 𝐶 , 𝐶 , 𝑓, 𝜅, 𝑙 are respectively the voltages of the continuous phase, 

the dispersed phase interface, the applied voltage, the capacitance between electrodes 

and dispersed phase, capacitance between grounded indium tin oxide layer and 

dispersed phase, AC frequency, conductivity of dispersed phase, geometrical constant 

for length determined by geometry respectively, and 𝑗 = −1. Apart from this equation, 

another model was developed for the droplet generation in the same dripping regime 

as 

𝐶𝑎 =
𝐶𝑎

1 − 𝐵
 

where 𝐶𝑎 , 𝐶𝑎, 𝐵  are separately the effective capillary number, the classical capillary 

number and electric bond number. Tan also successfully produced the main melody of 

Ode to Joy in real time by varying the droplet generation frequency between 170 to 340 

Hz13. His system was able to modulate the droplet generation frequency within a few 

milliseconds, thus making this possible. 

(3) 

(4) 
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Figure 2.2 (a) Image of microfluidic device under 473nm laser as given by the blue light. 

Electrodes at generation junction is seen as yellow. (b)Schematic diagram of electrical 

connection for device. (c-e) Microscope image of droplet generation junction at 

different voltages. Reprinted from 13 with permission from Springer Nature. 

 Magnetic Control 

Droplet generation using magnetic control involves the use of permanent 

magnets or electromagnets, and ferrofluids. Ferrofluids are liquids with suspended 

magnetic particles with no interparticle magnetic energy. They are also 

superparamagnetic without magnetic memory. This means that ferrofluids can return 

to their original state of magnetism when there is no presence of magnetic fields14. 

Ferrofluids can either be oil-based or water-based. However, ferrofluids have only been 

reported to serve as the dispersed phase in droplet generation. One concern regarding 

magnetic control is the usability of such droplets as the presence of magnetic 

nanoparticles may be unsuitable for some applications. Also, positioning the magnets 

relative to the droplet generation junction is parmount. In T-junctions, the droplet size 
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increases when the magnet is placed upstream of the junction and decreases when 

placed downstream15. In a flow focusing device, an opposite relationship between the 

magnetic flux density and droplet size was observed16. This difference is due to the 

orientation of the magnetic field relative to the dispersed flow direction. Under a 

magnetic field, the magnetic particles align with the field, which runs parallel to the main 

fluidic channel. In the case of a T-junction device, the alignment of the particles is 

perpendicular to the field, resulting in a faster breakup. Conversely, the alignment is in 

the same direction as the dispersed phase (ferrofluid) for the flow focusing device, 

resulting in an elongated tip that delays the breakup process of the droplet. Liu et al 17 

conducted a numerical study for a flow focusing device. The model was also consistent 

with the subsequent experimental investigations18. The effects of a magnetic field in a 

flow focusing device was studied and compared with a radial and axial field, Figure 2.319. 

A radial field forms when the magnetic field is perpendicular to the flow of the droplet, 

and the axial field is parallel. In the radial approach, it was observed that there was a 

 

Figure 2.3. (a) Schematic diagram of the experimental setup, where magnets are 

added at the two sides of the chip and downstream respectively. (b) Microscope 

image of ferrofluid droplet formation without a magnetic field, radial magnetic field 

and axial magnetic field respectively. Scale bars are 400 m. Reprinted and adapted 

from 19 with permission from Royal Society of Chemistry. 
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perpendicular stretch in the droplet during the expansion stage of the droplet 

generation. This results in a larger droplet size as compared to the axial field and without 

a magnetic field. 

 Thermal Control 

Droplet generation can generally be controlled through thermal means via the 

temperature-dependence of fluid viscosity and interfacial tension. For most fluids, these 

two physical properties decrease with increasing temperature in accordance with the 

equation20, 21, 

𝐷(𝑇) ∝ 𝐶𝑎 =
𝛾(𝑇)

𝜂 (𝑇)𝑢
 

where 𝐷, 𝑇, 𝐶𝑎 , 𝛾, 𝜂 , 𝑢  are the droplet diameter, temperature, capillary number of 

the continuous phase, temperature dependent interfacial surface tension, dynamic 

viscosity of continuous phase, and characteristic speed of continuous phase. However, 

the decrease in viscosity is relatively faster than the other. As a result, the change in 

temperature correspondingly affects the droplet size, Figure 2.422. Stan et al 21 

demonstrated that an increase of two orders of magnitude was observed by increasing 

the temperature from 10 to 70oC. The influence of temperature on droplet generation 

also depends on the height of the channels used. With the smaller cross-sectional area, 

the thermal gradient around the generation junction is higher compared to one with a 

larger height22. 

Different fluids of various viscosities and interfacial tensions have also been 

tested and compared. In one study, the dispersed phase was changed from DI water to 

DI water with 15-nm spherical nanoparticles. The latter showed an 18% increase in 

(5) 
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diameter whereas the former showed a 5% increase when the temperature changed 

from 25oC to approximately 56oC23. Another study was conducted based on the 

generation of gelatin emulsions through heating of gelatin. By increasing the 

temperature to above 25oC, the gelatin transforms into an aqueous solution with lower 

viscosity. This results in the release of droplets of different size and frequencies 

according to the temperature of the junction24. 

Another form of thermal control is localized heating at the droplet generation 

junction. This process is usually carried out using a focused laser beam. The laser allows 

for greater flexibility as it can be accurately positioned at the interface between the 

continuous and dispersed phase. In this manner, a localized temperature gradient is 

generated, resulting in a gradient of interfacial tension that induces the Marangoni 

effect. The Marangoni effect relates the normal component of the shear stress to the 

tangential derivative of temperature. The mismatch in surface tension causes a flow in 

the direction away from the region of low surface tension, resulting in a “blockage effect” 

that affects the droplet size and the generation frequency. Baroud et al. 25 reported that 

the blocking time increased relative to the beam power used. The increasing blocking 

Figure 2.4. (a) Schematic diagram of T-junction with integrated microheater and 

temperature sensor. (b) Effects of heating showing an increase in droplet size. 

Reprinted from 22 with permission from Springer Nature. 
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time in turn resulted in a larger droplet size, which is up to 1.5 times in length using 

beam power of approximately 70 mW. Figure 2.5 shows the influence of the laser on the 

droplet formation process. The Marangoni effect is also subsequently applied to droplet 

sorting by selectively restricting the movement of droplets into specified channels. Apart 

from using the laser beam, Miralles et al. 26 demonstrated thermal controls using 

integrated heating resistors along a microchannel. The device managed to adjust both 

the generation frequency and droplet size by increasing the power applied on the 

heating resistors. On top of this, the device was also capable of carrying out droplet 

sorting. 

 Pneumatic Control 

Droplet generation can be controlled by varying the flow rates or pressure values 

of individual fluidic phases. Mechanical valves employing hydraulic/pneumatic actuators 

are integrated into the devices to add an additional level of control. By regulating the 

Figure 2.5. Microscope images demonstrating effects of laser-induced droplet 

blocking. Interface was blocked using a laser beam to produce a large droplet. Scale 

bars depict 200m. Reprinted from 25 with permission from American Physical 

Society. 
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flow rates or fluidic pressure directly, the flow condition at the droplet generation 

junction is correspondingly affected. In this way, droplet generation can be regulated. 

These valves can be either off-chip27, 28 or integrated into the device design29, 30. Off-chip 

valves directly affect the dispersed phase pressure by pulsating valves using a series of 

on-off signals, while the continuous phases are separately controlled. Based on the 

laminar flow within the microchannels, the droplet volumes can be predicted using the 

equation31, 

𝑉~
Δ𝑃 𝑡

𝑅𝑟𝑒
 

where 𝑉, Δ𝑃 , 𝑡  and 𝑅𝑟𝑒  are respectively the droplet volume, pressure drop along 

the microchannel of the dispersed phase, on signal time duration, and flow resistance 

in accordance to 𝑅 = 12𝜇
.

 for closed rectangular microchannels. By 

adjusting the voltage and frequency of the on-off signal, droplet size and frequency can 

be adjusted. Concurrently, droplet on demand can also be achieved32. 

On-chip valves influence droplet generation through either channel 

deformation33, 34 or blocking of the channels29. In this approach, a thin layer of PDMS 

separates the actuation and fluidic channels to prevent the fluids from flowing into the 

wrong channel. The actuation channel can be placed either upstream35, at the droplet 

generation junction36 or downstream37; above38 and below30 the fluidic channels or 

along the same plane33. Depending on the plane of the actuation channel, a multilayer 

device fabrication may be needed as shown in Figure 2.6a, which is more difficult34, 39. If 

the valve is placed upstream, a perturbation effect is utilised to vary the dispersed fluid 

flow rate, enabling a linear decrease in volume with respect to the actuation frequency35. 

For valves located at the droplet generation junction, using a flexible membrane with an 

(6) 
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actuation that is large enough to induce intermittent flow or blocking would also 

generate droplets, Figure 2.6b,c. Apart from these “normally open” type of valves, 

“normally closed” valves have been used to open the disperse channel to release the 

fluid into the main fluidic channel34. The generation of droplets using downstream valves 

would typically require a two-phase parallel flow in its main microchannel. Upon the 

activation of the pneumatic control, the valves would break up the flow to generate 

discrete droplets running with high-flow-rate ratios. This is because of the stronger 

“chopping” forces from the valves as compared to the viscous forces imposed by the 

continuous phase. One drawback of this method however is that droplets that were 

 

Figure 2.6. Schematic diagram of pneumatic microvalves. (a) Multilayered microvalve 

control size of generated droplets. Reprinted from 34 with permission from MDPI. (b) 

Pneumatic valves at droplet generation junction control flow rate of fluids adjusting 

the sizes of droplets. Reprinted from 33 with permission from Springer Nature. (c) 

Microvalves employing “chopping” method to generate droplets. Reprinted from 37 

with permission from Institute of Physics Publishing.  
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already “chopped” and might be “chopped” again if the flow rate is not high enough 

compared to the actuation frequency. Apart from this, the generation frequency is also 

limited by the actuation frequency37. 

 Piezoelectric Control 

Piezoelectric actuators can be used to generate droplets. There are three 

approaches for piezoelectric control of droplets. The first approach is commonly used in 

inkjet printers. This is done through the deformation of a dispersed phase chamber to 

generate a pressure wave that pushes the fluid into the continuous phase. The droplet 

size can be determined by adjusting the duration of the driving pulse and applied voltage. 

A high generation frequency of 2.5kHz was observed by Xu et al. 40, who managed to 

produce droplets on demand with this approach, Figure 2.7a. The optimal droplet 

generation frequency however was observed to be correlated with the natural 

frequency of the actuator itself. Unfortunately, no experimental results for the lifespan 

of this device was reported.  

The second approach is using piezoelectric actuation to generate an acoustic 

effect on the dispersed-continuous interface. Acoustic actuation accelerates droplet 

breakup by imposing periodic oscillations to the interface, resulting in a periodic change 

in the curvature at the generation junction. The generation process was influenced at a 

relatively low actuation frequency. The droplet size reduced with increasing voltage and 

frequency due to an increase in the vibrational motion as observed using micron-

resolution particle image velocimetry (µPIV)41, 42. 

The third approach is generating surface acoustic waves (SAW) across the 

microfluidic device. SAW is generated through applying an AC voltage on a pair of 
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interdigitated transducers (IDT) deposited on a piezoelectric substrate. The AC voltage 

causes the piezoelectric material to generate a mechanical wave that travels across the 

substrate. As the wave travels across the surface, the amplitude decays exponentially 

along the normal direction of the substrate. This travelling wave transfers the acoustic 

energy into the dispersed-continuous interface, pushing the fluids in the direction away 

from the electrode along the crystallographic orientation of the substrate. Droplet size 

can be modified by adjusting the applied power and pulse duration43. By activating the 

IDT in front of the continuous phase channel at the generation junction of a flow 

focusing device, the generated SAW causes an asymmetric excitation of the thinning 

neck at the break-up stage of droplet generation. This process reduces the time taken 

 

Figure 2.7. Devices employing piezoelectric controls. (a) Geometry of a microfluidic 

chip with piezoelectric bimorph integrated on dispersed phase channel. Reprinted 

from 40 with permission from Institute of Physics Publishing. (b) Schematic of SAW-

modulated droplet device. Reprinted from 44 with permission from AIP Publishing. (c) 

Sketch of SAW-controlled droplet generation device using focused IDTs. Reprinted 

from 45 with permission from Royal Society of Chemistry. 
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for the break-up. When placed further away from the T-junction as shown in Figure 2.7b, 

the droplet size decreases with increasing acoustic power44. This phenomenon made 

use of the pressure increase that is induced due to the presence of the SAW. However, 

the increase is non-linear, with the pressure increasing almost twice the expected value 

at a higher SAW power. Apart from the conventional designs for the electrodes, a set of 

focused IDTs was developed by Collins et al. 45, where droplet on demand was also 

displayed, Figure 2.7c. 

2.3 Active Droplet Sorting 

According to the Merriam-Webster dictionary, the definition of “sort” is given as 

“to arrange accordingly to characteristics”. Droplet sorting therefore is a process of 

separating droplets according to a specific criterion. Sorting of droplets is highly 

desirable especially from a large population as it allows greater efficiency in high-impact 

applications such as in the generation of high throughput biological assays46 and 

research on enzymatic activity47. These applications are mainly based on sorting 

 

Figure 2.8. Classification of different active sorting methods. Reprinted from 2 with 

permission from Royal Society of Chemistry. 
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according to contents rather than hydrodynamic properties48, 49. Apart from this, active 

sorting also offers higher efficiency and throughput. Droplet sorting can be categorised 

into five main controls - electric, magnetic, thermal, pneumatic and acoustic control - as 

observed in Figure 2.8. The different approaches in active droplet sorting are later 

discussed with respect to closed-channel droplet-based microfluidics.  

 Electrical Control 

Similar to droplet generation, electric controls in droplet sorting also involve the 

use of electrodes to produce an electric field to influence the droplet. Likewise, this 

actuation method also boasts the same fast response timing for use in high throughput 

scenarios. However, one main difference is in the positioning of the electrodes. The 

electrodes in this case have to be placed downstream near the junction between the 

sorting channel and the waste channel, away from the droplet generation junction. 

Proper arrangements must be in place to restrict the influence of the electric field on 

the fluidic channel. Some examples would be to either place a “moat” 50, 51 or to design 

sharp electrodes52. 

Droplet sorting using electric controls generally involves the action of either a 

push or pull on a droplet due to the pre-charging of droplets53 or the difference between 

the electrical conductivities and/or permittivity between the dispersed and continuous 

phases. This method of control does not apply to all fluids. Instead, different 

combinations of fluids would produce different results, restricting their choice. Also, not 

all applications are suitable because of the need for charging. However, this control 

method still proves to be highly effective as many users employ it in their devices. The 

electric fields are either direct current (DC) or alternating current (AC) as elaborated 

further below.  
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2.3.1.1 Direct Current (DC) 

The use of a DC field in droplet sorting is often linked to the need for pre-charging 

of droplets7, 53, 54. Pre-charging requires an additional set of electrodes to be placed 

before the sorting junction. The droplets also need to be in direct contact with the 

electrode, risking electrode fouling and short-circuiting if carried out incorrectly. The 

force experienced by the charged droplet in this case is 

𝐹 = 𝑞𝐸 

and 

𝐸 =
𝑉

𝑑
 

where 𝑞, 𝐸, 𝑉 and 𝑑 are respectively the precharge on the droplet, applied electric field, 

applied voltage, and distance between the electrodes, respectively. 

Ahn et al. 54 developed a device (Figure 2.9a,b), in which the dispersed phase is 

first grounded using an electrode. At the droplet generation junction, a branch of three 

microchannels was used, with two electrodes of different charges over two separate 

channels. By turning on each electrode separately, the interface of the liquid finger gets 

charged accordingly and the generated droplet retains the charge. The droplet then goes 

into its correspondingly charged channel. Sorting rates of 600 droplets/sec was carried 

out using this approach. A further improvement of this method was developed in 2011, 

where preformed uncharged droplets were charged and subsequently sorted as 

presented in Figure 2.9c53. In this device, only the two charging electrodes were in 

contact with the fluids, slightly reducing the risk of fouling. The sorting electrode also 

shifted right before the sorting channels in this modification. In this configuration, the 

total force acting on the droplet is given as  

(7) 

(8) 
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𝑚
𝑑 𝑦

𝑑𝑡
= 𝐹 + 𝐹 = 𝑞𝐸 − 6𝜋𝑟𝜂

𝑑𝑦

𝑑𝑡
 

where 𝑚, 𝑦, 𝑡, 𝑟, 𝜂 are the mass of the droplet, deflection of droplet in perpendicular 

direction from fluid flow direction, travelling time of droplet along sorting electrode, 

radius of droplet and dynamic viscosity of continuous phase. By using this equation 

together with Equation 8, the voltage needed for the sorting can be determined. 

Droplets can be electrostatically charged to be positive or negative in this approach but 

the droplet has to be in contact with both charging electrodes at the same time. This 

means that a minimum droplet diameter is required, which is determined by the 

charging electrode spacing. Droplet sorting was observed to only be successful within 

specific flow rate ratios and droplet sizes. 

  

(9) 

 

Figure 2.9. (a-b) Schematic diagram of concurrent droplet charging and sorting. 

Droplets are charged upon generation and subsequently steered into designated 

channels according to the charge of the channel50. (c) Schematic diagram of improved 

version of device employing DC electric field51. Reprinted from 53 with permission 

from AIP Publishing. 
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2.3.1.2 Alternating Current (AC) 

The working mechanism behind the use of AC electric fields in droplet sorting is 

dielectrophoresis (DEP). DEP is the motion of polarizable objects such as particles and 

cells caused by application of a non-uniform electric field. The force behind this is clearly 

defined by Pethig et al 55. A simplified version is given as52 

�⃗� = 𝑚 ∙ ∇�⃗� 

where �⃗� is the dipole moment of a particle and �⃗� is the electric field. The induced dipole 

moment of a spherical particle is subsequently 

�⃗� = 4𝜋𝜖 𝑅𝑒[𝐶𝑀(𝜔)]𝑟 �⃗� 

where 𝜖  and 𝑟 are the dielectric constant of the continuous phase, and the radius of 

the particle. 𝑅𝑒[𝐶𝑀(𝜔)] is the Claussius-Mossotti factor which is equivalent to 1 for 

water in oil droplets at frequencies up to several MHz. The dielectric force is 

subsequently balanced by the viscous force, also called Stokes drag, 

𝐹 = 6𝜋𝜂 𝑟�⃗�, 

(10) 

(11) 

(12) 

 

Figure 2.10. Effect of AC electric field on monodispersed droplets: (a) Without electric 

field (b) Left electric field on, (c) Right electric field on. Adapted from 52 with 

permission from AIP Publishing. 
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where 𝜂  and �⃗� are the viscosity of the continuous phase and velocity of droplet. Ahn et 

al 52 reported one application of this method, where droplets of different diameters and 

velocities were investigated. An AC voltage of up to 2kV was applied across the 

electrodes as shown in Figure 2.10a-c. The maximum rate of droplet sorting depends on 

the force generated by the electric field gradient, which also determines the terminal 

speed of the droplets. The sorting rate was limited by the time required for the electric 

field to displace the drops to a distance away from the centre streamline. Pethig et al 

reported that a sorting rate of 4kHz was achieved without optimization. Bidirectional 

sorting was also accomplished by energizing opposite electrodes as given in Figure 

2.10a-c.  

Another device using DEP forces managed to successfully sort droplets at a high 

frequency of 30 kHz51. This device made use of a gapped divider that was one third the 

height of the microchannel placed approximately 220 µm away from the electrode, 

Figure 2.11. The usage of the gapped divider allows droplets to squeeze into the tight 

 

Figure 2.11. (a) Schematic drawing of the sorting junction with the black droplets 

being sorted. (b) Image obtained from high speed video showing 22kHz sorting. Scale 

bars denote 50µm. Reprinted from 50 with permission from Royal Society of 

Chemistry. 
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gap where the small lateral displacements from the DEP is magnified with the aid of the 

droplet Laplace pressure as it travels down the channel. The results showed a 99.3% 

sorting efficiency for the positively sorted droplets. 

 Magnetic Control 

Magnetic controls in droplet sorting allow for wireless control of droplets similar 

to drug delivery in the biomedical field56. The same approach of using magnets on 

ferrofluids or droplets with magnetic particles was mentioned earlier in the previous 

section for droplet generation. Likewise, the same disadvantage remains that the 

presence of magnetic materials within the droplet may not be suitable for many 

applications. There are two approaches in this category: using an electromagnet or a 

permanent magnet. An electromagnet allows sorting on demand with easily adjustable 

field strength, but heating of the device would occur due to the electric current. Heating 

could affect the fluidic properties or the chip itself adversely. The use of a permanent 

magnet, on the other hand, does not provide any switching capabilities and would 

constantly be applied in the device. However, a permanent magnet does not cause any 

adverse effects on the chip or fluidic environment. The strength of the magnetic field 

can also be adjusted according to the positioning of the magnet from the device.  

Magnetic guidance and parking of droplets was demonstrated by Teste et al. 57 

using an electromagnet, Figure 2.12. Magnetic rails were fabricated into the PDMS 

substrate to serve as guides to direct the droplets mixed with magnetic beads. Although 

there was no mention of sorting frequency, the method proves to be a viable concept 

for droplet sorting at low frequencies. Another device developed by Zhang et al. 58 

makes use of a movable permanent magnet for sorting of superparamagnetic droplets 

into three channels. In this approach, superparamagnetic droplets and nonmagnetic 
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water droplets were flowed into the device as shown in Figure 2.12. The magnetic force, 

𝐹 , acting on individual magnetic droplet is given as 

𝐹 =
𝑁 ∙ ∆𝜒 ∙ 𝑉

𝜇
∙ 𝐵 ∙ (∇𝐵), 

where 𝑁, ∆𝜒, 𝑉, 𝜇 , 𝐵  and ∇𝐵 are number of magnetic nanoparticles in each droplet, 

difference in magnetic susceptibility between nanoparticle and buffer used, volume of 

particle, permeability of vacuum (4𝜋 × 10 H/m), magnetic flux density and magnetic 

field gradient. As the droplet would be deflected from laminar flow, a drag force, 𝐹 , 

would be observed similar to Equation 12 given above. To reach an equilibrium, 

𝐹 = 𝐹  

(13) 

(14) 

 

Figure 2.12. (a-b) Microscope images of device with magnetic rails when magnetic 

field was switched off and on. Reprinted from 57 with permission from Springer 

Nature. (c-e) Schematic diagram of droplet sorting using superparamagnetic droplets 

in black and nonmagnetic water droplets in white. Superparamagnetic droplets are 

drawn into different channels based on positioning of magnet as provided. Reprinted 

from 58 with permission from Royal Society of Chemistry. 
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Considering the deflection angle of the superparamagnetic droplet and putting the 

equations together, the following relationship is obtained,  

tan(𝜃) =
𝑣

𝑣
=

2𝐶 ∙ ∆𝜒 ∙ 𝑟

9𝜂 ∙ 𝜌 ∙ 𝜇 ∙ 𝑣
∙ 𝐵 ∙ (∇𝐵), 

where 𝜃 , 𝑣 , 𝑣 , 𝐶, 𝑟, 𝜌  are the deflection angle, velocity component in the y and x 

direction, concentration, radius and density of droplet. For the experiments, droplets 

are flowed such that they are on the opposite side of the fluidic channel with reference 

to the magnet. The normal water droplets would enter channel 1 in Figure 2.12c, 

however the superparamagnetic droplets would be drawn to the magnet and sorted 

into channel 3, Figure 2.12d. By shifting the magnet to the right, the superparamagnetic 

droplet then changes to enter channel 2, Figure 2.12e. This is determined to influence 

the ∇𝐵 which is weaker outside the controllable region that is the area perpendicular to 

the magnet surface. Different magnetic field gradients and nanoparticle concentrations 

were varied and matched well with the theory suggested. 

 Thermal Control 

Thermal controls are developed based on thermocapillary effects. There are two 

kinds of thermocapillary effects depending on how the interfacial tension changes as a 

function of temperature, i.e. attractive thermocapillary effects or repulsive 

thermocapillary effects59. Attractive effects occur, when the interfacial tension 

decreases with increasing temperature and repulsive effects have the opposite effect. 

For most fluids, attractive capillary effects usually take place. However, through the 

introduction of surfactants, the repulsive effects become more prominent as a result of 

the increase in molecular cohesion due to chemical properties60. Thermocapillary effects 

can be induced in a microfluidic device using two means. One is attaching heaters on 

(15) 
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the chip itself, another is through a focused laser beam. Resistive microheaters were 

first reported by Yap et al. 61, where the heater was positioned right below one branch 

of the fluidic channel, Figure 2.13. A sensor was integrated to determine the 

temperature within the channel itself. By increasing the temperature at one branch, the 

heater created a high temperature gradient at the lower branch. The high temperature 

results in a drop in viscosity and interfacial tension, increasing thermocapillary effects59. 

At a temperature of 40oC, the droplet was observed to only travel through the lower 

branch displaying attractive thermocapillary effects. However, there was no mention of 

any droplet sorting on demand capabilities.  

The application of lasers on droplets has been widely studied by various 

researchers62-64. For droplet sorting, a focused laser beam provides highly localized 

heating with high flexibility in positioning while also enabling sorting on demand. By 

placing the laser in front of a channel, a resistive thermocapillary effect can be induced, 

 

Figure 2.13. (a-c) Microscope images of device with a resistive microheater and 

sensor integrated beneath the fluidic channel. Droplet was observed to only pass 

through the bottom branch when the heater is switched on. Reprinted from 61 with 

permission from IOP Publishing. 
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which blocks the droplet from entering the channel as given in Figure 2.14a,b 25 , 65, 66. 

The laser power required for this effect to take place was observed to depend on the 

ratio of ℎ/𝑅 and 𝑤/𝑅 where ℎ, 𝑤 and 𝑅 are the height of the channel, width of the laser 

hotspot and radius of the droplet respectively25 . Another sorting method employing the 

use of laser induced thermocapillary effects is reported by Fradet et al 65. This method 

takes advantage of the flexibility of positioning of the laser beam to sort droplets into a 

series of storage rails, Figure 2.14c. This method allows droplets to be sorted into 

multiple channels in-situ, however there is a risk of droplets being in contact with one 

another, causing contamination especially for biological specimens. 

  

Figure 2.14. Microscope images of droplet sorting using laser. (a-b) Laser beam used 

to block channel entrance using thermocapillary forces. Reprinted from 25 with 

permission from American Physical Society. (c) Laser beam used to sort droplets into 

different storage rails. Reprinted from 65 with permission from Royal Society of 

Chemistry. 
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 Pneumatic Control 

Pneumatic controls in droplet sorting can be done mainly through two means. 

One is adjusting the flow within the device using a separate pressure source, while the 

other is using in-built microvalves or microactuators.  

2.3.4.1 Flow control 

For the former, a common approach is to have a separate channel for the sorter 

fluid, which would usually be the same as the continuous phase fluid used. Sorting is 

determined by the activation of a sorter fluid. Upon detection of a droplet with desired 

criteria, a pulse signal is sent from the controller to the actuator or valve for the sorter 

fluid. This subsequently results in a momentary change in the pressure exerted by the 

sorter fluid. A positive pressure would push67-69 the droplet into a collection chamber, 

and negative pressure would pull70, 71 the droplet in. By generating square pulsed 

positive pressure of approximately 70mBar with a duration of 7ms, Cao et al. 67 

developed a device that would be able to sort two-bead droplets up to 55 Hz. In another 

device by Shemesh et al. 68, the device was able to sort according to droplet volume, 

droplet content and also sort densely packed droplets into clusters, Figure 2.15. The 

Figure 2.15. Microscope image of (a) size-based sorting (b) content-based sorting (c) 

droplet clustering. Reprinted from 68 with permission from Springer Nature. 
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versatile method of sorting was carried out using a triangle pulse signal for the sorter 

fluid. The sorting outlet was not placed directly in front of the collection chamber to 

minimize the shear stress. Also, the length of the side channel was increased to prevent 

undesired sorting. Although this device is well designed and versatile, the maximum 

sorting rate achieved however was relatively low at 5Hz. The use of negative pressure 

has also been reported by Zhang et al. 70 who was able to carry out on demand droplet 

sorting up to 10Hz. Another novel application of negative pressure in droplet sorting is 

carried out by Wu et al. 71. This approach employs a T-junction at the sorting junction 

where the sorter fluid works similar to Shemesh’s device, Figure 2.16. However, negative 

pressure was used in this case at the collection chamber and waster chamber for sorting. 

 

Figure 2.16. Schematic diagram of droplet sorting using negative pressure on 

channels SW and BW. (a) For droplets without particles sorting fluid from B would 

flow into BW to direct droplet into SW. (b) For droplets with particles, negative 

pressure is applied at BW to draw droplet into channel. (c) Sorting fluid from B would 

be released again to repeat the process. Reprinted from 71 with permission from 

Springer Nature. 
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With this method, pressures at both channels had to be optimized to allow adequate 

hydrodynamic gating while allowing adequate droplet generation. A high sorting rate of 

above 98% was reported using this method. 

2.3.4.2 Microvalves  

The use of microvalves in droplet sorting involves the deformation of channel 

walls to block or restrict the flow within a microchannel. This restriction increases the 

flow resistance, resulting in the movement of the droplet into a second channel. Similar 

to droplet generation using microvalves in the previous section, these devices have a 

common disadvantage of not being long-lasting and are highly dependent on substrate 

flexibility. These valves can also be fabricated using multilayered or single layered 

fabrication depending on the placement of the valves. Multilayered ones however, add 

an additional disadvantage due to its fabrication complexity. Chen et al. 72 developed a 

device with microvalves fabricated on top of two control channels, Figure 2.17. In his 

approach, the detection of an arriving droplet would prompt the controller to send a 

signal to pressurize either valve. When the droplet enters the sorting area, the 

pressurized valve would release, resulting in a drawing force on the droplet into the 

sorting channel along the same side of the channel. Although the sorting mechanism 

was not mentioned, the device was shown to be able to sort alternating droplets into 

separate channels. Sorting efficiency was also almost 100% at low frequencies up to 

20Hz. 

Single layered microvalves developed were mainly positioned at the sorting 

junction. In 2008, Abate et al. 73 developed a device with a single microvalve placed right 

after a sorting junction, Figure 2.18a-b. To optimize the performance of the valve, the 
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relationship between the pressure drop (∆𝑝) along a microchannel and other critical 

parameters was developed as such  

∆𝑝 ∝
𝑣𝑙

ℎ𝑤
, 

where 𝑣, 𝑙, ℎ and 𝑤 are the fluid flow rate, valve head length, channel height and width. 

The amount of crosslinker for the substrate material was also varied to determine the 

influence of each parameter on the performance of the valve. Based on the 

experimental results, it was observed that a device with 6.3% crosslinker concentration, 

(16) 

 

Figure 2.17. Droplet sorting using multilayered valves. (a) Microscope image of 

sorting junction with microvalves. (b) Process of droplet sorting where droplet is 

enters green spot to be detected. (c) Detection of droplet prompts controller to push 

membrane down. (d) Release of membrane causes droplet to be drawn towards 

valve. (e) Hydrodynamic forces consequently guide droplet into outlet O1. Reprinted 

from 72 with permission from AIP Publishing. 
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100µm height, 10µm channel width and 1000µm length would produce the greatest 

drop in pressure. This device was reported to have a fast response time however there 

was no mention of the sorting frequency. Also, as the length of the valve head is large, 

it would be impossible to achieve single droplet sorting. Subsequently, more devices 

developed using this method made use of the smaller valve length74, 75. In 2015, Yoon et 

al. 76 proposed a new design making use of the domino deformation of parallel walls for 

sorting, Figure 2.18c.  Similar to other devices, this device first uses microvalves to block 

the main channel to enable the droplet to move down towards the sorting channels. 

Following that, another set of microvalves are used to squeeze the walls of the collection 

chambers to reveal an opening for the droplet to enter. This device was able to sort 

droplets into five different chambers. However, the concept magnifies the problem with 

 

Figure 2.18. Pneumatic actuation using single layered microvalves. (a-b) Microscope 

images of single layered membrane valve showing valve turned on and off. Reprinted 

from 73 with permission from AIP Publishing. (c) Schematic diagram of fluidic junction 

using domino effect of parallel walls for droplet sorting. Reprinted from 76 with 

permission from Royal Society of Chemistry. 
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all microvalve devices, which is the short lifespan of the device. The device could only 

withstand 100 actuations and only lasted for less than 2 hours. 

 Acoustic Control 

The application of acoustic controls in droplet sorting relies on the use of 

interdigitated transducers (IDT) on a piezoelectric substrate, similar to the ones used for 

droplet generation mentioned earlier. Likewise, AC voltage is applied to a pair of 

transducers causing the piezoelectric material to generate mechanical waves that travel 

across the substrate in a direction dependent on its crystallographic orientation. This 

wave is called a surface acoustic wave (SAW). Another type of acoustic wave that is used 

for sorting is the bulk acoustic wave (BAW), which travels through a medium instead of 

the surface. Acoustic streaming (AS) and acoustic radiation forces (ARF) are commonly 

observed through the usage of this control method. In AS, acoustic energy is radiated 

into fluids from SAWs due to the sound velocity mismatch between these two mediums. 

The induced pressure wave results in a steady state flow generated within the fluid itself 

which scales according to the ratio of droplet size, fluid acoustic damping properties and 

SAW damping length77. ARF occurs when the vibrational oscillations from the acoustic 

wave induced a non-oscillating force on particles within a fluid or an interface within 

fluids. ARF consists of primary forces and secondary forces, where the first one causes 

particles to move about in an acoustic field or cluster in pressure nodes or antinodes in 

standing waves. The secondary one however involves particle-particle interactions 

which is not related to droplet sorting. In most cases, it is difficult to compare and 

determine the influences of AS and ARF separately as both are induced upon actuation. 

A more appropriate method of categorizing the use of acoustic controls would be in the 
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type of wave used. Droplet sorting has been reported using three different types of 

waves, namely the travelling SAW, the standing SAW and lastly the BAW.  

2.3.5.1 Travelling Surface Acoustic Wave (TSAW) 

TSAW was demonstrated by Franke et al. 78, where a pair of electrodes was 

fabricated beside a channel, Figure 2.19a,b. Monodispersed water droplets generated 

entered the upper channel without activation of the SAW as the cross section of the 

upper channel was designed to be larger. Upon actuation of the SAW, the droplets 

flowed towards the lower channel. Polyacrimide (PAM) particles were also used to 

demonstrate the sorting. This actuation was credited to acoustic streaming, based on 

the compressibility of the continuous phase at the high frequency used for SAW 

excitation. The frequency used here is 140MHz. Another review paper by Xi et al. 2 

 

Figure 2.19. Droplet sorting using travelling surface acoustic waves (TSAW). (a-b) 

Before activation the water droplets flow into the upper channel. Upon activation, 

the droplets flow into the lower channel78. (c) Image of device using focused IDTs to 

steer plugs away from activated electrode81. Reprinted from 78, 81 with permission 

from Royal Society of Chemistry. 
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disagreed with this statement mentioning that the 𝜅 value of the droplets used in this 

experiment was above a critical value meaning that ARF was also induced. Here,  

 𝜅 =
𝜋𝑑

𝜆
 

where 𝑑 refers to the particle or droplet diameter and 𝜆  the fluid wavelength used. 

Their evaluation of this was based on the experimental findings by Skowronek et al.79, 

which showed the influence of ARF on the particles when 𝜅 > 1. Further experiments 

need to be conducted to determine whether AS and/or ARF was induced. The device 

was subsequently improved to also enable cell sorting. However, the type of wave was 

converted to BAW through the presence of PDMS posts between the microfluidic 

channel and piezoelectric substrate80. A high sorting frequency of 3kHz was obtained for 

sorting of cells in this device. However, droplet sorting frequency was not clearly 

mentioned in the paper. Sorting was successfully demonstrated using focused IDTs at 

high power values on plugs as observed in Figure 2.19c81. The acoustic energy was used 

in this case to compensate for the decreasing pressure at one channel, enabling the fluid 

to fill up the other channel and subsequently drawing the plug in. 

2.3.5.2 Standing Surface Acoustic Wave (SSAW) 

SSAW was generated when two IDTs were activated in opposite directions of the 

crystallographic plane. The interference from these two waves then form a series of 

pressure nodes and antinodes. This is determined by the equation: 

𝑓 =
𝑐

𝜆
, 

where 𝑓, 𝑐 and 𝜆  are the resonant frequency, speed of sound in medium and 

wavelength in medium, respectively. Spherical particles or droplets that are placed in 

(17) 

(18) 
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this acoustic field would then propagate towards either the pressure nodes or antinodes 

depending on their acoustic contrast factor, which is given as 82 

𝜙(𝛽, 𝜌) =
5𝜌 − 2𝜌

2𝜌 + 𝜌
−

𝛽

𝛽
, 

where 𝜌 , 𝜌 , 𝛽  and 𝛽  are the density of the sphere, density of fluid, compressibility of 

object and compressibility of fluid. For a positive 𝜙(𝛽, 𝜌), the particle would travel to a 

pressure node. If negative, the particle would travel to an antinode. The force 

experienced by the sphere would also be given as:  

𝐹 = −
𝜋𝑝 𝑉 𝛽

2𝜆
𝜙(𝛽, 𝜌) sin(2𝑘, 𝑥), 

where 𝑝, 𝑉  and 𝜆 are the acoustic pressure, volume of sphere and acoustic wavelength. 

These set of equations can also be used for small spherical droplets, as proven by Li et 

(19) 

(20) 

 

Figure 2.20. Droplet sorting using standing surface acoustic waves (SSAW). (a) 

Schematic diagram of device showing effects of SSAW on droplets of different 

density. Inset shows movement of alginate droplets upon actuation of acoustic wave. 

(b) Photo of actual device. Reprinted from 84 with permission from AIP Publishing. 
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al 83. In this device, single droplets could be sorted into five different channels using five 

different SSAW frequencies. Chirped IDTs were used in this case that were mentioned 

to generate larger ARF, pushing droplets faster in the perpendicular direction. These 

IDTs had fingers with decreasing widths closer to the fluidic channel. However, the 

experiments were run only based on 40-50µm droplets, that are less than the 

wavelength of the frequencies used. If larger diameters were used, the equations 

mentioned above might not be suitable. Another device was developed by Nam et al. 84, 

where cell sorting was carried out at 97% accuracy rate for large cell quantity beads, 

Figure 2.20. In this device, sorting was based on the density of each cell-encapsulated 

alginate bead droplets which affected the 𝜙(𝛽, 𝜌) variable of the equation given above. 

Over 2,300 droplets were sorted per minute with acceptable cell viability. 

2.3.5.3 Bulk Acoustic Wave (BAW) 

BAW is defined as the elastic wave in a solid that propagate through the bulk 

material. Unlike SAW that travels along the surface of a material, BAWs travel within a 

Figure 2.21. Sorting using bulk acoustic waves (BAW). (a) Schematic diagram 

illustrating acoustic waveforms at λ/2 mode and λ mode. (b) Sorting at λ/2 mode. (c) 

Sorting at λ mode. Reprinted from 86 with permission from Royal Society of 

Chemistry. 
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material utilising compressional waves (pressure waves) or transverse waves (shear 

waves)85. Materials with high acoustic impedance are generally used to construct BAW-

based microfluidic devices, with common materials being silicon and glass86, 87. Because 

of the difference in impedance at the fluid or structural interface, the acoustic energy is 

reflected back into the fluid, resulting in a stronger acoustic field. One good 

implementation of this was reported by Leibacher et al. 86 who dry etched a silicon wafer 

to produce microchannels with a sorting chamber, Figure 2.21. Using this approach, the 

acoustic energy lost ,through the substrate is minimized and droplet sorting was 

observed when the transducer frequency was switched from 463 kHz (λ/2 mode) to 

979 kHz (λ mode). Another interesting device using BAW was reported by Phan et al. 88, 

 

Figure 2.22. Experimental arrangement for acoustic droplet sensing and sorting 

device (a) Top view. (b) Side view. Reprinted from 89 with permission from Royal 

Society of Chemistry. 
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who used a thin silicon nitride layer to generate acoustic forces for droplet sorting. The 

silicon nitride layer was placed right below a sorting channel where repulsion of droplets 

was observed when activated. Lee et al. 89 managed to sort 100µm diameter lipid 

droplets in water by placing a 30 MHz transducer beside a microchannel to generate 

BAW. A schematic diagram of the device is shown in Figure 2.22. As the acoustic 

impedance of PDMS was similar to water, the transducer and the device were both 

submerged in a water bath for maximum transmission. Sorting was carried out when a 

droplet was detected by the transducer itself through backscattering of the acoustic 

waves. The device gave a high sorting efficiency of 99.3% for 50µm droplets and 100µm 

droplets. 
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2.4 Active Droplet Coalescence 

Active methods for droplet coalescence involve an external energy source that 

either affects the rate of film thinning between droplets or induces droplet interface 

instability. Coalescence can be considered as a 3-step process. First, the droplets come 

into close proximity with each other. Second, the thin film of continuous phase fluid 

separating both droplets will gradually be reduced. Last, a fluidic bridge between both 

droplets is formed due to film rupture, resulting in merging of the droplets90. 

Applications using droplet coalescence has been expanded to also allow users to carry 

out droplet picoinjection91, 92. Active methods provide the advantage of selectivity in 

merging, where users can target specific droplets to merge as compared to passive 

methods. This concept is highly suitable for applications involving simultaneous 

screening of different samples within a device93, 94. A list of reviews has been published 

by numerous research groups90, 95-97, where a variety of methods are described to be 

thermal, acoustic, optical, pneumatic, magnetic and electric in nature. The most 

common method is using electric fields98. In this section, we will give a brief introduction 

of each method with some examples. 

  Electric Control 

The effect of electric field on droplet coalescence can be categorized into a few 

mechanisms as given by Eow et al.98: electrophoresis, dielectrophoresis and dipole 

coalescence. Electrophoresis occurs when a charged droplet is placed in a uniform 

electric field. The charge of the droplet thereby directs the droplet to move along the 

electric field direction99. With two oppositely charged droplets in the electric field, the 

attractive electrostatic forces induced by both charges cause the droplets to come 

together. This phenomenon was first documented by Link et al.7, where the dispersed 
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phases were separately charged by direct contact with a positive and ground electrode 

as shown in Figure 2.23a. This process resulted in the formation of droplets, which are 

oppositely charged flow into a main channel. Synchronisation of the droplet generation 

causes the charged droplets to be close enough for electrostatic attraction forces to 

overcome the separation, leading to merging.  

A more comprehensive study into this phenomenon was conducted by Priest et 

al. 100. The authors demonstrated the effect of charging of the aqueous phases using 

both pulsed AC and DC electric signals on droplet coalescence. A linear relationship 

between the applied voltage against the separation distance of the droplet interfaces 

was established using different salt solutions. His results revealed that the coalescence 

is attributed to the field-induced dynamic instability of the oil-water interfaces, resulting 

in electrocoalescence. This phenomenon is similar to the observation made by Niu et al. 

101. Similar experiments were also carried out by Liu et al.102, who further discussed the 

influence of surfactants within the system. The concentration of the surfactant was 

observed to result in a higher critical voltage for merging102, because the surfactant 

molecules are electrically charged themselves103. As a result, the electric field affects 

both droplet and surfactant molecules. Surfactant molecules redistribute and realign 

based on the concentration and electric field properties.  

Dielectrophoresis (DEP) in droplet coalescence is similar to droplet sorting, 

where uncharged droplets move towards regions of higher electric field due to 

polarization. As the electric field used is non-uniform, one end of the dipole is stronger 

than the other, thereby causing the force. One use of DEP force in electrocoalescence is 

with the combination of a droplet trap as demonstrated by Wang et al. 104. The DC signal 

pushes the droplets into a microwell where subsequent merging can take place. 
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However, the merging phenomenon was not clearly described in this paper. Upon the 

activation of the electric field, polarization of the droplets result in a dipole-dipole 

interaction between the two droplets105. Coalescence was thus obtained due to the 

instability of the thin film between the two droplets.  

Dipole coalescence was mentioned to be an extension of this DEP as the droplet 

dipoles themselves induce an electric field, adding on to the attraction force98. Lee et 

al.106 demonstrated this using a 1kV DC signal passing through electrodes at the droplet 

merging junction. This junction also acts as a trap that holds the droplets in place before 

merging. Likewise, this method was also modified to enable serial dilution using AC 

 

Figure 2.23. Electrocoalescence using (a) electrophoresis of charged droplets7 with 

insets showing off and on. Scale bar depicts 100 m. (b) Uncharged droplets using 

dipole coalescence to merge passing droplets with trapped red droplet, enabling 

serial dilution of droplets107. Scale bar represents 400 m. Reprinted from 7 by 

permission from John Wiley and Sons, and 107 by permission from AIP Publishing. 
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electric signals107. By enabling coalescence across the interface of the two droplets, fluid 

from the concentrated droplet can be mixed with the moving droplet as observed in 

Figure 2.23b.  

 Magnetic Control 

 Magnetic controls in droplet coalescence is mainly based on the type of magnetic 

field used. For non-uniform magnetic fields, droplets are attracted by the field and 

trapped. Ray et al. 108 demonstrated this entrapment as shown in Figure 2.24a. Initial 

Ferrofluid Droplets (IFD) were trapped by the presence of a permanent magnet 

alongside the fluidic channels. The trapped droplets coalesce to form a large Coalesced 

Ferrofluid Droplet (CFD) under the presence of the non-uniform magnetic field. 

Subsequently, the influence of flow rate, fluid viscosity and magnetic field strength 

causes the release of droplets from the CFD volume downstream. This consequently 

results in the generation of the Final Ferrofluid Droplets (FFD) with volume control. Size 

of the FFD however is difficult to predict due to the non-linearity across different 

constituent forces, namely the inertial, pressure-induced, viscous and magnetic forces. 

Apart from single emulsion droplets, coalescence of double emulsion droplets were also 

demonstrated using this trapping phenomenon109. Due to the non-uniform magnetic 

field, the paramagnetic ionic liquid (MIL) at the core of the double emulsion is attracted 

to the magnet used. This traps the emulsion until a subsequent emulsion collides with 

it, merging both droplets. The release of the large droplet was then carried out by the 

removal of the magnet from the side of the fluidic channel. Using this same concept, 

merging between an emulsion with and without a MIL core was also demonstrated using 

NdFeB magnets. 
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 Ferrofluid droplets were observed to undergo deformation in the presence of a 

uniform magnetic field across the fluidic channel110. Under the induced magnetic forces, 

the ferrofluid droplets elongate along the direction of the magnetic field. The final shape 

of the droplet is determined by a balance of the magnetic force and the interfacial 

tension of the droplet. Simulations and experimental studies carried out by Ghaffari et 

al 111 revealed that although under a uniform magnetic field, the regions of the highest 

magnetic stress are at the poles of the droplet. This results in an increased curvature of 

 

Figure 2.24. (a) Experimental setup for non-uniform magnetic field induced droplet 

merging108. A paramagnet is placed on one side of the fluidic channel as depicted. (b) 

Droplets in a uniform magnetic field along the same direction as flow showing 

induced merging at different time points during experiment111. Reprinted and 

adapted from 108, 111 by permission from Elsevier. 
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the droplet at the poles and decreased at the midsection. Accordingly, with the flow 

direction and electric field in parallel with each other, the elongation of two separated 

droplets eventually resulted in merging. It was also observed that the magnetic volume 

force that acts on a droplet affects the interfacial tension, leading to the deformation of 

the droplet112. This phenomenon is depicted in Figure 2.24b. This force is influenced by 

the concentration of magnetic particles, magnetic susceptibility and droplet volume, 

accordingly affecting droplet actuation and merging113. Droplet trapping under a 

uniform magnetic field can be used for droplet coalescence114. Using a low flow rate and 

a strong magnetic force, a droplet can be trapped in a microchannel until a subsequent 

droplet collided with it114. Upon merging, the kinetic energy of the second droplet and 

the increased viscous force of the new droplet caused the release of the droplet from 

the magnetic field.  

 Thermal Control 

 Thermal controls in droplet coalescence are similar in concept to the ones used 

in droplet sorting. Likewise, both resistive heating and localized heating using lasers are 

employed for coalescence. In resistive heating, the high temperature reduces the 

viscosity and interfacial tension of the fluid, inherently increasing fluid velocity. When 

applied on a bypass channel as given in Figure 2.25a115, the flow of the continuous phase 

through the bypass channel increases. This process causes the two droplets to come into 

close proximity at the main channel. Subsequent drag forces induce merging and finally 

push the droplet through the confined segment. When heating is applied on the 

expansion channel, the heat reduces the viscosity of the continuous phase while 

increasing the surface tension of the droplet. This firstly causes the continuous phase to 

flow out of the chamber faster, while the droplet reduces in velocity due to the 
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expansion. With a subsequent droplet entering the expansion chamber, merging would 

then occur. For droplets that are larger than the expansion channel itself, the 

temperature difference at the outlet of the chamber also plays a part. The lower 

temperature outside the chamber reduces the interfacial tension, inducing a resistance 

to droplet flow and allowing the second droplet to enter the expansion chamber. 

Thermocapillary force pushes both droplets together and cause merging116. However, 

droplets that are smaller than the expansion channel requires a minimum critical 

temperature for merging to happen117. 

 

Figure 2.25. Droplet coalescence induced through resistive heating on (a) bypass 

channel115 and (b) expansion channel117. Reprinted and adapted from 115 by 

permission from Elsevier and 117 by permission from AIP Publishing. 
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 Localised heating using lasers has also been observed to induce droplet 

coalescence. Coalescence happens through either the redistribution of surfactant 

molecules118, or the decrease in interfacial tension at the laser spot65. The laser spot 

causes the droplet to have a Marangoni effect119 stopping its motion while at the same 

time also affecting the viscosity of the fluid at the laser spot. Baroud et al. 118 makes use 

of these two attributes to induce merging by first trapping one fluid interface at the laser 

spot until a second droplet collides with it upstream. This pushes the first fluid interface 

to form a droplet and move past the laser spot, until the laser point is at the droplet-

droplet interface, where the droplets merge subsequently. This phenomenon is shown 

in Figure 2.26. Another demonstration of this localised heating was done by Fradet et al. 

65, who used wells to trap the two droplets of different media before laser activation. 

This method displays high selectivity for activation, making it a useful platform for array-

based biological experiments. 

 

Figure 2.26. Localized heating induced droplet coalescence, where (a-e) shows 

different stages of droplet motion and merging118. Reprinted and adapted from 118 by 

permission from Royal Society of Chemistry. 
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 Pneumatic Control 

 Pneumatic controls for droplet coalescence require microvalves as the droplets 

have to be trapped first before merging can take place. The microvalves for this purpose 

are also similar to the ones mentioned for droplet sorting where they are either on the 

side of the microchannels73, 76 or directly on top of it72. The former is used in conjunction 

with micropillar arrays that trap the droplets in their position due to the interfacial 

tension against the micropillars. The microvalves control the flow rate across the main 

channel or bypass channel as given in Figure 2.27a through adjustment of their 

respective channel widths120. This accordingly affects the droplet trapping time within 

 

Figure 2.27. Droplet merging controlled by pneumatic actuation of (a) side 

microvalves120 and (b) Multilayered microvalve39. Reprinted and adapted from 120 by 

permission from Royal Society of Chemistry and 39 by permission from Institute of 

Physics Publishing. 
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the micropillar array which subsequently controls the number of droplets merged in the 

process. Without pneumatic actuation, passive merging is still attainable, when the 

bypass channel is blocked by the accumulated droplets121. The number of droplets to be 

merged however would not be controllable. The application of this technique has been 

used for copper complex synthesis120.  

Another technique using this same concept of trapping droplets is demonstrated 

using the so-called Quake’s valves. However, this valve is placed directly over a main 

fluidic channel, stopping droplets upon actuation. This allows a subsequent droplet to 

collide into the trapped droplet and merge over time before the valve is deactivated to 

release the merged droplet39. Figure 2.27b shows the merging phenomenon. Multiple 

Quake’s valves were also integrated into a system to enable single droplet merging122. 

By sequentially activating different pneumatic actuators, Guo et al. 122 was able to 

demonstrate trapping and subsequent merging which was almost similar to 

picoinjection123. 

 Acoustic Control 

 Droplet coalescence has been demonstrated using both surface acoustic waves 

and bulk acoustic waves. Using arc-shaped interdigitated transducers, focused surface 

acoustic waves are generated to hold the droplet in its position within an expansion 

chamber124. The subsequent droplet then collides with it and merges, causing the 

droplet to break away from the trap due to drag forces, Figure 2.28a. This trapping 

process of droplets with diameters similar to the wavelength of the acoustic wave occurs 

as such droplets are attracted towards the high intensity zones within an acoustic field. 

By increasing the acoustic power, the droplet remains trapped for a longer period of 

time enabling multiple droplets to coalesce before being released. Accordingly, the 
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system has demonstrated merging of up to 4 droplets consecutively where each droplet 

diameter is approximately 80 µm, similar to electrode wavelength.  

 Bulk acoustic waves have been used for droplet coalescence, where the acoustic 

force generated pushes droplets from two different sources together into a centreline86. 

A similar phenomenon was demonstrated in droplet sorting. Leibacher et al.86 

hypothesized that the merging phenomenon was caused by both hydrodynamic effects 

and secondary acoustic forces that arise from the bulk acoustic wave. This phenomenon 

was however not studied extensively. Nevertheless, fluorescence tests also reveal that 

the merged droplets proved complete mixing as shown in Figure 2.28b. One main 

disadvantage however is that synchronisation of the two droplets have to be carried out 

first before merging can take place. The distance between each aligned droplet has to 

be adjusted and optimized for merging. 

 Optical Control 

Figure 2.28. Droplet coalescence using (a) focused surface acoustic waves124 and (b) 

bulk acoustic waves86. Reprinted and adapted from 86, 124 by permission from Royal 

Society of Chemistry. 
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Optical controls in droplet coalescence had been demonstrated through the use 

of lasers or photosensitive surfactants. Lasers were observed to have both thermal and 

optical effects on droplets. The thermal aspects have already been covered above. 

Therefore, the optical aspect would be discussed here. An optical gradient force is 

produced when a droplet enters the focal volume of a laser beam due to the change in 

the photon momentum across the optical interface125. This is determined by the 

difference in refractive index across the two different media, pulling the droplet towards 

the centre of the laser axis. This optical force therefore acts as a trapping mechanism 

that holds the droplet in its position. The laser intensity required for this depends on a 

few criteria such as the size of the beam waist, the droplet velocity, the droplet size, the 

medium viscosity and the refractive indices126. Based on these values, the number of 

droplets merging can also be controlled. A merging regime diagram has been developed 

by Jung et al.127 as shown in Figure 2.29. 

 The exposure of fluids mixed with photosensitive surfactant also enables droplet 

coalescence. The effect is permanent even after illumination as the chemical structure 

 

Figure 2.29. Merging using optical gradient force with (a-c) showing the snapshots of 

different regimes and (d) the regime diagram. Reprinted from 127 by permission from 

Springer. 
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of the surfactant is modified. It is also highly dependent on the type of surfactant used. 

Nurdin et al. 128 made use of AzoTAB mixed in water with pure oleic acid as a continuous 

phase. The fluid was accordingly illuminated at the droplet generation junction in Figure 

2.30a using a light emitting diode at 365-nm wavelength. By having droplets to pass 

through a series of expansion chambers as given in Figure 2.30b, the chambers induced 

merging between the droplets. Without illumination, instead of droplets being formed, 

two parallel flowing streams were instead observed from the two droplet generation 

junctions. The AzoTAB surfactant in the water undergo a trans-cis isomerization under 

illumination that increases the interfacial energy of the water, inducing fragmentation129. 

Another type of surfactant used is mixed into the carrier oil phase with a perfluoro-

polyether (PFPE) hydrophobic chain linked to a PEG-600 hydrophilic chain130. Using this 

Figure 2.30. Use of photosensitive surfactant AzoTAB in water showing merging at 

expansion chambers. (a) Schematic diagram of device showing two flow focusing 

junctions for droplet generation where illumination occurs. (b) Images of different 

chambers where UV illumination causes droplets to be formed. Expansion chambers 

causes reduction of droplet velocities, resulting in coalescence. Scale bar represents 

200µm. Reprinted and adapted from 128 with permission from Elsevier. 
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surfactant, photolysis occurs upon illumination resulting in an increased surface tension 

of the droplet. This increasing surface tension accordingly attracts more surfactant 

molecules from the bulk medium or neighbouring droplet. With more surfactant 

molecules being photolysed beyond a critical level, destabilisation occurs at the 

interface, inducing coalescence. The time required for coalescence can also be 

approximated by the concentration of surfactant, size and distance between droplets, 

pulse rate and size of laser beam area130. Accordingly, controllable and stable dual jet 

and dual droplet regimes are observed here which can be easily implemented for 

parallel high throughput screening applications.  
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3.1 Abstract 

We introduce an effective method to actively induce droplet generation using 

negative pressure. Droplets can be generated on demand using a series of periodic 

negative pressure pulses. Fluidic network models were developed using the analogy to 

electric networks to relate the pressure conditions for different flow regimes. 

Experimental results show that the droplet volume is correlated to the pressure ratio 

with a power law of 1.3. Using a pulsed negative pressure at the outlet, we are able to 

produce droplets in demand and with a volume proportional to the pulse width.  

3.2 Introduction 

Active droplet generation (ADG) in microfluidics1 provides an additional degree 

of freedom in manipulating both the size and the formation frequency of micro-droplets. 

This additional control is extremely desirable for intricate operations which rely on the 

exquisite control of both parameters. For example, droplets in microfluidics are often 

used as a micro-reactor for various chemical and biological applications2. After droplet 

generation, encapsulated droplets with chemical or biological contents are often 

detected, sorted and used for different analytical purposes3. The encapsulation of 

biological materials in droplets also requires droplets to be of a suitable size for 

subsequent sorting using fluorescence-activated droplet sorting (FADS)4. The formation 

of slugs5 or satellite droplets6 may results in errors or unwarranted noise. ADG induces 

external energy into the fluidic system such as magnetic fields7, electric fields8, 9, 

acoustic10, 11, thermocapillary12 or pneumatic actuation13-15. Among the above concepts, 

pneumatic actuation is the most accessible as it only requires the use of pressurized air. 

Sophisticated labyrinth of networks and channel manipulation have been demonstrated 

using the Quake’s valve16. These pneumatic actuation methods often rely on flow 
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perturbation, geometry tuning or flow manipulation to control the size of the droplets1. 

In introducing perturbation, a micro-valve is integrated to form a multi-layered device. 

If the valve is pressurized, perturbations are induced to control the size of the droplets 

formed. Flow manipulation involves similar valves which disrupts the fluid flows. In 

geometry tuning, the microchannels are often deformed to manipulate the flow 

parameters. 

To date, pneumatic actuation reported in the literature are often complex in 

fabrication as they require the alignment of micro-valves at the precise location. On the 

other hand, geometry tuning, which does not require alignments, may not be suitable 

for prolonged operation. Hence, we see an immediate need to address this technology 

 

Figure 3.1. (a) Schematic sketch of experimental setup, not drawn to scale. Flow of 

water into device is given as 𝑄  and flow of oil into device as 𝑄 . (b) Close up 

drawing of fluidic channels with critical dimensions. (c) Fluidic resistances 𝑅  to 𝑅 . 

(d) Electric circuit analogy for the case of a stable interface. (e-f) Electric circuit 

analogy for parallel flow. (e) Flow of oil. (f) Flow of water. 
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gap. To the best of our knowledge, the direct use of a negative pressure to control 

droplet sizes has not been demonstrated. 

In this work, we demonstrate the generation of monodispersed droplets by 

inducing a negative pressure at the outlet. This concept can be implemented easily 

through the use of a single pressure controller (See Figure 3.1a). We first balanced the 

water pressure 𝑃 , and oil pressure, 𝑃 , to obtain a stable interface, Figure 3.2. A 

negative pressure introduced at the outlet induces droplet formation. Increasing the 

magnitude of the negative pressure increases the size of the droplets generated. 

Applying the negative pressure offers several distinct advantages. For example, droplets 

can be produced on demand using a series of periodic pulses. Negative pressure also 

enables droplet collection without inconsistencies due to droplet coalescence at the exit. 

Explicitly, when droplets enter the tubing, a disparity between the size of the 

microchannel and tubing often reduces the speed of the droplets and result in collisions 

or unintended merging. A constant negative pressure at the outlet allows droplets to 

flow consistently into the tubing/collection tube. In comparison to the use of syringe 

pumps, pressure driven flow generates highly monodispersed droplets due to the 

absence of pulsation effects17 induced by the stepper motors. We envisage that this 

simple technological innovation may be useful for many microfluidic analytical 

applications. 

3.3 Experimental Methods 

A microfluidic flow focusing device was fabricated in polydimethylsiloxane 

(PDMS, Dow Corning) using standard photo and soft lithography techniques18. The 

microchannels were treated with Aquapel (PPG Industries, USA) to render the surface 
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hydrophobic. The channel height is about 28m. The critical channel widths are 

illustrated in Figure 3.1b. A pressure controller (Elveflow, OB1 MK3) was connected to 

the microfluidic device to induce both positive and negative pressures, Figure 3.1a. The 

positive pressure balances the fluid interface19 at a converging channel, Figure 3.1b. A 

negative pressure at the outlet induces droplet generation. All the pressures used unless 

otherwise stated are relative to the atmospheric pressure, 𝑃 . The microfluidic device 

is then mounted on an inverted microscope (Nikon Ti-E, Japan) and imaged with a high-

speed camera (Miro 3, Vision Research) at a frame rate of 200fps. Mineral oil (M5904 

with 0.5% wt SPAN80, Sigma Aldrich) and DI water were used as the continuous phase 

and dispersed phase fluid respectively. The equilibrium interfacial tension between the 

fluids is about 6.2mN/m (Sinterface, PAT1). The dynamic viscosities of both oil and water 

are 23.8mPa.s and 1mPa.s respectively (TA Instruments, DHR-2). We measured different 

droplet parameters such as droplet area and speed using the automated droplet 

measurement (ADM ) software20. The droplet is assumed to have a cylindrical shape 

instead of a discoid as the error is negligible (Appendix A, Figure S-2). Therefore, the 

 

Figure 3.2. Experimental observations of different flow regimes without negative 

pressure. Insets shows each flow regime. Scale bar shows dimension of 100m. 
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droplet volume can be estimated as the product of the droplet area and the channel 

height. 

3.4 Results and Discussion 

We first vary both P  and P  to generate the forward flow regime chart. The 

chart does not include the backflow regimes when 𝑃  is a lot smaller than 𝑃 , or when 

𝑃  is a lot smaller than 𝑃 .Three distinct forward flow behaviors were observed at 

different P  and P  values in Figure 3.2. When P  is slightly smaller than P , we 

observed a parallel flow regime. When P  is significantly higher than P , a stable 

interface is formed at the junction. Droplets are generated between these two flow 

regimes.  

In order to derive the relationships of both 𝑃  and 𝑃  in each regime, we 

modelled the fluidic flow paths for each regime using an electric circuit analogy, Figure 

3.1d-f. The Hagen–Poiseuille’s law can be simplified to give the flow–pressure relation 

as 

𝑄 / =
∆𝑃

𝑅
 

where ∆P is the pressure difference between the inlet and outlet. Q is the volumetric 

flow rates of either oil or water and 𝑅  is the total hydraulic resistance in the flow 

path. For closed rectangular channels, the fluidic resistance for each section is given as21  

𝑅 = 12𝜇
𝐿

𝑊 𝐻 1 − 0.63
𝐻
𝑊

 

where 𝐿 , 𝑊 , 𝐻  are the channel length, width and heights of each section and μ is the 

viscosity of the fluid. Details of the specific measurements for each section can be found 

(1) 

(2) 
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in (Appendix A; Table S-1). When a stable interface is formed at the junction, the 𝑅  

from Figure 3.1d can be expressed as  

𝑅 = 𝑅 + (𝑅 ||𝑅 ) + 𝑅  

where 𝑅  are the respective resistances at each section (See Figure 3.1d). The values 

of 𝑅 , 𝑅  and 𝑅  are approximately 0.9×1014Pa.s/m3, 10×1014Pa.s/m3 and 

6×1014Pa.s/m3, respectively. Hence, equation (1) can be simplified as 

𝑄 =
𝑃

𝑅 +
𝑅
2

+ 𝑅
 

where 𝑃  is the imposed pressure at the inlet and 𝑄  is the volumetric flow rate of the 

oil. 

For the dispersed phase channel, the channel abruptly converges to a small 

orifice. As a result, the interface between the water and the oil has a high curvature. 

This creates a pressure difference, which is the Laplace pressure: 

𝑃 = 𝛾(
1

𝑟
+

1

𝑟
) 

where 𝛾 is the interfacial tension between the oil and water, 𝑟  and 𝑟  are the radii of 

curvatures due to the wall and channel height. 𝑃  can be calculated by obtaining 𝑟  and 

𝑟  through examining the recorded videos with a customised MATLAB program. We 

obtained a value of approximately 6.36mBar for the Laplace pressure (Appendix A; 

Figure S-3), which agrees well with literature22, 23. The wettability of the fluids with the 

PDMS wall and the corresponding contact angles may affect the droplet generation. 

However, this is currently beyond the scope of this technical note. Readers may refer to 

Tan et al. 18 for more details on wettability and contact angle of the PDMS surface. When 

(3) 

(4) 

(5) 
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the forces are balanced, a static equilibrium is achieved and the water remains 

stationary and can be related as 

𝑃 = 𝑃 + 𝑃  

where 𝑃  is the pressure at the junction and 𝑃  is the imposed water pressure. 𝑃  can 

be obtained using a simple voltage divider rule (Figure 3.1d) and can be expressed as  

𝑃 = 𝑃
𝑅

𝑅 +
𝑅
2

+ 𝑅
 

In order to express 𝑃  as a function of 𝑃 , Equation (4) is fitted into Equation (7) 

and subsequently put into the governing Equation (6) giving the final expression as:  

𝑃 = (𝑃 − 𝑃 )
𝑅 +

𝑅
2

+ 𝑅

𝑅
 

A comparison between the proposed model plotted using Equation (8) and 

experimental values show an excellent agreement. A slight divergence at higher 

pressures values is within expectation. This may be due to an expansion of PDMS24 at 

high pressure values which results in a change in the fluidic resistance. In the model, the 

fluidic resistances are assumed to be constant at different imposed pressures.  

For the case of parallel flow, we adopt a similar electric circuit analogy. However, 

as the flows are separated, two electric circuits were used to mimic the flow paths (See 

Figure 3.1e-f) of both oil and water. For the flow of both oil and water, the Hagen–

Poiseuille’s law can be expressed 

𝑃 = 𝑄 (𝑅 +
𝑅 + 𝑅

2
) 

𝑃 = 𝑄 (𝑅 + 𝑅 ) 

(6) 

(7) 

(8) 

(9) 

(10) 



82 
 

where 𝑅  is the resistance due to the oil flow and 𝑅  is resistance due to the water. The 

values for 𝑅  and 𝑅  are the same as in the previous case and 𝑅  is about 

0.04 × 10 Pa.s/m3. 𝑅  and 𝑅  are obtained based on equation (2) using the 

measurement of their respective fluid stream widths (Appendix A; Figure S-4). For the 

parallel flow, as our channel is relatively flat, the fluidic resistance estimated with 

equation (2) is mainly determined by the channel height or the parabolic velocity profile 

along the height21. Therefore, the influence of the boundary conditions of the channel 

width and the flat velocity profile along the width direction are not significant. This 

allows us to use equation (2) as an estimate for the fluidic resistance of each fluid stream. 

The pressures across each fluid stream along the channel are similar25 and hence can be 

expressed as (Appendix A; Figure S-5), 

𝑄

2
𝑅 = 𝑄 𝑅  

𝑄

𝑄
=

2𝑅

𝑅
 

The relationship between both 𝑃  and 𝑃  is obtained from dividing Equation (9) with 

(10) and then substituting (12) and simplified as: 

𝑃 = 𝑃
2𝑅 (𝑅 +

𝑅 + 𝑅
2

)

𝑅 (𝑅 + 𝑅 )
 

The green dashed line in Figure 3.2 depicts the relationship of 𝑃  and 𝑃  using 

Equation (13). Here, our model effectively shows the relationship between 𝑃  and 𝑃 . 

The slight difference may be due to experimental uncertainties in measurements. The 

good agreement shows that the assumption made for the boundary effects in width 

direction is valid. In comparison with the previous model for the stable interface, this 

model is more accurate as less pressure is build-up within the channels. This reduces the 

(12)

(11)

(13)
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deformation of the PDMS which correspondingly results in the higher accuracy. Albeit 

this, both our models for the stable interface and parallel flow are able to provide 

simplified and accurate approximations for the effects of 𝑃  and 𝑃 . 

In the second part of our investigation, negative pressures were applied at the 

outlet to induce droplet formation. Five sets of 𝑃  and 𝑃  values (for a stable interface) 

were tested by varying 𝑃  in regular intervals of -100mBar. Before 𝑃  was introduced, a 

stable interface was first achieved. When negative pressures were applied, the stable 

interface collapse due to the imbalance of pressure. The static equilibrium condition is 

broken as 𝑃  reduces, which results in the generation of droplets as shown in Appendix 

A Video S-6. In brief, the droplet volume V increased as 𝑃 + 𝑃  increased for each 

pressure configuration. Increasing the initial 𝑃  value increases the change in droplet 

volume as 𝑃 + 𝑃  increases. The slopes for each pressure configuration increases from 

0.64 to 1.44 when 𝑃  increases from 100mBar to 500mBar. Figure 3.3 shows the 

variation of droplet volume with the imposed pressures. The inset shows that the 

 

Figure 3.3. Variation of droplet volume with the imposed pressures. The inset shows 

that the experimental data collapsed to a power law of 1.3 when plotted using .  
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experimental data collapsed to a power law of 1.3 when plotted similar with other 

literature using  26-28. 

In the final part of our investigation, we demonstrate the production of droplets 

on demand (Appendix A Video S-7). We fixed both 𝑃  and 𝑃  at about 107mBar and 

50mBar respectively to achieve the stable interface. Ten consecutive square pulses at 

 

Figure 3.4. (a) Droplet volume, V, at different pulse duration, Δt. The pulse profile is 

shown in the inset. Δt is defined as the amount of time the negative pressure is turned 

on, within one period for a total of ten periods in one cycle. Insets shows images of 

droplets captured when 𝑃 = 50 mBar, 𝑃 = 107~111 mBar, 𝑃 = −120 mBar. 

Scale bars show a dimension of 100m. (b) Measured pressure profile when 

Δt=0.03sec, starting at t=0.1sec and ends at t=0.13sec. 
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intervals of Δt = 0.02 to 0.05sec were applied to generate 10 droplets. The magnitude of 

the pulses was fixed at 𝑃 =-120mBar. Experimental results depict an almost linear 

increase in V as Δt increases, Figure 3.4a. This result is expected as a higher pulse 

duration allows more fluids to flow before breakup is induced.  

We then examined the droplet breakup process using a customised MATLAB 

program. The program extracts the pressure values at the fixed time interval of Δt = 

0.03sec. The values were extracted directly from the pressure controller (Figure 3.4b) 

which reflects the corresponding pressure conditions during the given time interval. In 

Figure 3.4b, the negative pressure was activated at t = 0.100sec and deactivated at t = 

0.13sec. A close examination between the experimental videos and pressure profile 

depicts several interesting postulations. First, a sharp slope is observed during the start 

and end of the time period. This suggests a coupling between the droplet formation 

process and imposed pressure signal. Second, as the liquid finger fills up the orifice, this 

results in a slight increase in the pressure (Figure 3.4b, t = 0.123sec). At this stage, the 

flow of fluids are restricted and result in a pressure built up at the upstream. 

Subsequently, as the controller returned 𝑃  back to 0 mBar, the abrupt change results 

in pressure fluctuations which is a consequence of the liquid neck thinning and breakup 

to form a droplet. We postulate that the pressure fluctuations induce instabilities which 

enhances the droplet breakup process.  
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3.5 Conclusions 

We introduced a simple and effective method to actively control the size of 

droplets generated in a microfluidic flow focusing device, where a negative pressure was 

induced to control the droplet generation and the production of droplet on demand. We 

proposed network models using electric circuit analogy to derive the relationship 

between both the pressure on the water phase, 𝑃 , and the pressure on the oil phase, 

𝑃 , at different flow conditions. Both models fit well with the experimental results, with 

the stable interface model deviating at higher pressures as a resultant of PDMS 

deformation. We also derived the relationship between 𝑃 , 𝑃 , 𝑃  and the volume of 

droplets generated. The experimental results show that the droplet volume can be 

related by using a power law of 𝑉 ∝
.

. Droplets can also be formed on demand 

by using a series of periodic square pulses. Increasing the time period increases the 

volume of the droplets. Extraction of the pressure values from the controller indicates a 

coupling between the droplet formation process and induced waveform. Pressure 

fluctuations can be seen during the droplet formation process. 
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3.8 Appendix A  

S3.1. Measurement Specifications for Calculation of Resistances  

Table S-1. Measurements of device 

 

Length 

(mm) 

Width 

(mm) 

Height 

(mm) 

R1' 3.900 1.000 0.028 

R1" 0.270 0.100 0.028 

R2' 20.300 0.300 0.028 

R2" 1.000 0.100 0.028 

R5 7.300 1.000 0.028 

R3/4/6' 0.050 0.050 0.028 

R3/4/6" 3.920 0.100 0.028 

 

 

Figure S-3.1 (a) Schematic diagram of device with (b) zoom in at orifice. 
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A list of technical specifications is given in Table S-1 for the calculation of the 

fluidic resistance of each section of the device. The labels for each row are given in Figure 

S-3.1.  

S3.2. Comparison of Droplet Volume Calculation Method 

The volume of a spherical droplet is given as 

𝑉 =
4𝜋

3
(𝑅 ) 

where R is the radius of the droplet as given in Figure S-2a. The volume of the droplet 

segments of Figure-S2b are given according to Nie as1 

𝑉  =
𝜋ℎ

3
(3𝑅 − ℎ ) 

where ℎ = . Be eliminating the upper and lower droplet segments, the volume of 

the discoid can then be obtained as 

𝑉 =
𝜋

12
[2𝐷 − (𝐷 − ℎ) (2𝐷 + ℎ)] 

For the assumption of a cylindrical droplet, the formula is given as 

(1) 

(2) 

(3) 

 

Figure S-3.2. Comparison of droplet volume methods where (a-c) are for calculation 

of 𝑉  and (d) is for calculation of 𝑉 . Reprinted with permission from 1 

Copyright 2008, Springer 
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𝑉 = 𝜋(
𝐷

2
) ℎ 

Comparing these two equations, the approximate difference between 𝑉  and 

𝑉  was 5.3% . This approximate error was observed to be negligible and not 

amended in the manuscript. 

S3.3. Calculation of Laplace Pressure for Stable Interface 

The Laplace pressure equation is given as 

𝑃 = 𝛾(
1

𝑟
+

1

𝑟
) 

where  is the interfacial tension between the oil and water, 𝑟  and 𝑟  are the radii of 

curvatures due to the wall and channel height. The radius 𝑟  can be obtained through 

fitting a circle at the tip of the dispersed phase finger and measuring the radius of 

the circle as shown in Figure S-3a. 

(5) 

(4) 

 

Figure S-3.3. (a) Circle fitted over the tip of the dispersed phase finger. (b) & (c) 

Schematic sketch of both top view and side view of the dispersed phase finger and 

angles used for calculation of contact angle. 
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Assuming that the contact angle for the interface is the same along the width 

and height of the channel, 𝑟  can then be obtained (See Figure S-3b). By using 𝑟  

and the width of the orifice, w, which is 50 μm,  

cos(𝛼) =

𝑤
2
𝑟

 

𝛼 = 𝑐𝑜𝑠 (

𝑤
2
𝑟

) 

By using the tangent to the circle, 

𝛽 = 90 − 𝛼 

Where according to trigonometry rules,  

𝛽 = 45 − 𝜉 

By definition of fluid-fluid interface contact angles,2 

𝜃 = 180 − 𝜉 

= 180 − (45 − 𝛽) 

= 180 − 45 + 90 − 𝛼 

= 225 − 𝑐𝑜𝑠 (

𝑤
2
𝑟

) 

From this contact angle (See Figure-S3c),  

𝜃 = 90 + 𝜙 

where 

sin (𝜙) =

𝐻
2
𝑟

 

(6) 

(7) 

(8) 

(9) 

(11) 

(10) 

(12) 

(13) 
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and finally 

𝑟 =

𝐻
2

sin (𝜙)
 

During the experiments, the shape of the orifice was maintained to be 

approximately of the same and fitting results obtained for 𝑟  were approximately 28 

μm. Through calculations, the contact angle obtained was 161 degrees, 

subsequently giving us 𝑟  as 14.8 μm for a channel height, 𝐻, of 28 μm. 

S3.4. Calculation of Resistances R4 and R6 

Calculations of resistances for oil flow, 𝑅 , and water flow, 𝑅 , are based on the 

fluidic resistance equation for closed rectangular channels (See Figure S-4a)3 

𝑅 = 12𝜇
𝐿

𝑊 𝐻 1 − 0.63
𝐻
𝑊

 

(14) 

(15) 

 

Figure S-3.4 (a) Screenshot of parallel fluid flow at water pressure 300 mBar and oil 

pressure at 306 mBar. Scale bar shows dimension of 100um (b) Close up of orifice 

showing resistance at orifice for oil and water flows. (c) Close up of far end of channel 

showing resistances for oil and water flows. (d) Sum of oil resistance, 𝑅 , connected 

in series. (e) Sum of water resistance, 𝑅 , connected in series. 
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where 𝐿 , 𝑊 , 𝐻  are the channel length, width and heights of each section and μ is the 

viscosity of the fluid. The resistances for 𝑅  and 𝑅  can be considered as two separate 

fluid streams within the same channel. The widths in equation (11) are thus the widths 

of each stream as given in Figure-S4b and c. Each resistance is therefore the sum of its 

respective resistances analogous to resistances in a series circuit as given in Figure-S4d 

and e, where 

𝑅 = 𝑅 + 𝑅  

and 

𝑅 = 𝑅 + 𝑅  

S3.5. Relationship for QO and QW in Parallel Flow 

For parallel flow in a closed channel (Figure S-5a), the pressure at the interface 

of two fluid flows are equal based on conservation laws (Figure S-5c) whereby4 

𝑃 = 𝑃  

(16) 

(17) 

(18) 

 

Figure S-3.5. (a) Screenshot of parallel fluid flow at water pressure 300 mBar and oil 

pressure at 306 mBar. Scale bar shows dimension of 100um (b) Fluid channel with 

two different fluid flows (c) Cross sectional diagram showing the pressure at the 

water-oil interface. 
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which, according to the Hagen–Poiseuille’s law is given as  

𝑄

2
𝑅 = 𝑄 𝑅  

where 𝑄  and 𝑄  are the oil flow and water flow respectively (Figure-S5b), 𝑅  and 𝑅  

are as given in Figure S-4d and e. 

S3.6 Video of Vacuum Effect on Droplet Volume 

A video showing the effects of negative pressure on the droplet volume. The 

video was captured at 500 fps and played correspondingly, with water pressure, 𝑃 , 200 

mBar, oil pressure, 𝑃 , 199 mBar, and negative pressure, 𝑃 , ranging from -100~-500 

mBar. Still images from the video are given above. 

S3.7 Video of Droplet on Demand 

A video of the droplet on demand (DOD) using negative pressure. The video was 

captured at 500 fps and played correspondingly, with water pressure, 𝑃 , 50 mBar, oil 

(19) 

 

Figure S-3.6. Still images showing the effects of negative pressure on droplet volume. 

Scale bars represent dimensions of 100um. 
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pressure,  𝑃 , 110 mBar, and negative pressure, 𝑃 , -120 mBar with pulse duration 

varying from 0.02~0.05 sec. The video was compiled from a series of videos showing 10 

consecutive droplets in each experiment run. Still images from the video are given below. 
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Figure S-3.7. Still images showing the effects of adjusting pulse duration on droplet 

volume. Scale bars represent dimensions of 100um. 
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4.1 Abstract 

We demonstrate the complete filling of both deionized water (DI water) and 

liquid metal (eutectic gallium-indium, EGaIn) into closed-end microchannels driven by a 

constant pressure at the inlet. A mathematical model based on gas diffusion through a 

porous polydimethylsiloxane (PDMS) wall is developed to unveil the physical mechanism 

in the filling process. The proposed theoretical analysis based on our model agrees well 

with the experimental observations. We also successfully generate traveling surface 

acoustic waves by actuating interdigitated microchannels filled with EGaIn. Our work 

provides significant insights into the fabrication of liquid electrodes that can be used for 

various acoustofluidics applications.  

4.2 Introduction 

Acoustofluidics is the exquisite marriage between acoustics and microfluidics. 

The combination of both fields leverages on the in-situ advantages inherent at the 

microscale 1-3. Both acoustics and microfluidics address several shortcomings in 

microscale which can be extremely desirable in many chemical and biological 

applications. On one hand, acoustics provides a non-invasive and non-contact mode of 

manipulation through propagating sound waves. On the other hand, microfluidics 

provides a miniaturized platform to perform different micro total analysis (MicroTAS) 

systems with significant reductions in the speed of reactions and the use of reagents. In 

recent years, this integration has been gaining much attention which is evident through 

with a themed collection of extensive tutorials in Lab on a Chip4. The broad range of 

articles discussed were on various issues ranging from basic governing equations to 

different applications. This collection ascertained both the popularity and importance of 

acoustofluidics. 
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Surface acoustic waves (SAW), a sub-branch of acoustics, pioneered by White 

and Voltmer5, have been extensively used in electronic circuits6, 7. To date, numerous 

applications of SAW have been developed to perform tasks in droplet-based 

microfluidics. These include operations such as droplet generation 8, 9, coalescence10, 

manipulation and sorting11. In these applications, SAWs are commonly generated using 

comb-shaped transducers12. These interdigitated transducers (IDTs) are fabricated using 

traditional photolithography and lift-off techniques which are often expensive, laborious 

and time consuming13. Often, the transducers and fluidic channels are fabricated 

separately and have to be painfully aligned during the integration. Misalignment results 

in inappropriate wave propagation [16] at unsuitable locations. In order to circumvent 

the complex fabrication need, we recently showed that microsolidics14 can be used to 

fabricate self-aligned IDTs15 for acoustofluidics. Microsolidics, a technique introduced by 

Whitesides14, has been extensively applied to fabricate various types of electrodes16, 17 

and electromagnets18 in polydimethylsiloxane (PDMS). Recently, Nam et al used a 

modified microsolidics technique to fabricate serpentine-shaped electrodes for 

acoustofluidics19. In the work, Eutectic Gallium-Indium (EGaIn), a conductive liquid 

metal at room temperature, is used to pervade the microchannels to induce the 

required alternating electric fields. This open-end channel design mimics the double 

electrode IDTs which are not common in microfluidic applications. The double electrode 

IDTs (serpentine-shaped electrodes) differs from conventional electrode patterns and 

have several drawbacks. For example, a non-active region above the interdigitated 

fingers waste space. The serpentine design also limits the number of electrode pairs due 

to the space constraint in a microfluidic device. The number of electrode pairs directly 

affects the strength of the resulting SAWs20. In designing complex electrode structures 

such as the focused interdigitated transducers (FIDTs)21 or slanted interdigitated 
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transducers (SIDTs)22, the modification of the serpentine design to the FIDTs/SIDTs 

geometries is very tedious and time consuming. In a physical aspect, the serpentine 

electrodes generate SAWs at resonance frequencies that are lower than conventional 

single electrode IDT19. The lower resonance frequencies induce lower streaming 

velocities23 and weaker acoustic forces within the microsystems24. 

To overcome the above limitations, self-aligned comb-shaped single electrode 

IDTs may be more preferred and better received by the microfluidics community. In 

contrast to the popular belief that the filling of close-end microchannel may be time 

consuming and tedious19, we show in this work that both deionized (DI) water and liquid 

metal (EGaIn) can completely fill up the microchannels within minutes using a 

pressurized source. This demonstration exploits the distinctive porous nature of PDMS. 

We also provide the detailed experimental and theoretical explanations on the filling 

process of EGaIn in closed-end comb-shaped microchannels. To the best of our 

knowledge, no literature can be found to characterize and model the complete filling 

process of DI water/EGaIn in microchannels driven by a constant pressure at the inlet. 

We develop a theoretical model by considering the gas diffusion through the porous 

PDMS. The analytical results of the model show good agreement with the experimental 

data. As a proof of concept, we also show that the proposed comb-shaped single-

electrode IDTs can be used to generate SAWs to induce streaming in an open-space 

droplet, demonstrating that our proposed technique is both feasible and practical in 

nature. 

4.3 Experimental Setup 

Figure 4.1 shows the schematic of the experimental setup. The PDMS 

microchannels are fabricated using standard photo and soft lithography25. The channel 
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width 𝑤 = 200m, height ℎ ∼ 47m and length 𝐿 = 2750m. The width and the height 

of the main (root) channel are about 420 and 47 μm, respectively. A pressure controller 

(Elveflow, OB1MK3) is connected to one end of the channel with the other end closed. 

Both DI water and EGaIn are filled into the channels under different constant pressures 

𝑃  ( 𝑃 =  200, 400, 800, 1200 mbar respectively). We first evaluate the flow 

characteristics of DI water in a closed end channel to form the basic theoretical model. 

EGaIn is then filled into the channels for comparison and evaluation using the same 

model. The DI water is mixed with a small amount of food dye (blue) for visualization 

and data evaluation. The addition of the food dye does not change the flow properties 

of the DI water. The PDMS device is mounted on an inverted microscope (Nikon Ti-E, 

Japan) while images are captured using a monochrome camera (Miro 3, Vision Research) 

at a frame rate of 10frames/s to capture the entire filling process. In the case of DI water, 

the shortest filling time achieved is less than 6 min. Interestingly, for the case of EGaIn, 

the shortest filling time achieved is less than 2 min with the same device design. Here, 

we would like to stress that the filling time mentioned above corresponds to the filling 

time for nine adjacent fingers. Theoretically, the filling time does not depend on the 

 

Figure 4.1. Experimental setup: (a) Pressure control system. (b) Images obtained 
from the camera. (c) 3D schematic of the PDMS channels. 
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number of channels involved as long as they are parallel and have the same common 

root channel. We observed experimentally that all of the comb-shaped fingers 

connected to the same root channel are found to be completely filled almost at the same 

time. Negligible differences are observed between each finger. Based on the 

experimental data, we assume that the pressure imposed in the liquid is the same as the 

inlet pressure. 

4.4 Theoretical Model and Experimental Results 

The filling process of the closed-end microchannels shown in Figure 4.1 is 

investigated. Assuming that a constant driving pressure is imposed at the inlet, the 

advancement of the filling liquid is accompanied by the escape of air from the closed 

channel. In this case, air escapes by diffusion through the porous PDMS walls. This 

process is different from the classical capillary filling model, where capillary force and 

viscous force are predominant [30]. The rationale is based on the fact that the diffusion 

time of momentum (𝑡 = ℎ𝑤 𝑣⁄ = 9.4 ms, where 𝑣 is kinetic viscosity coefficient of the 

liquid) is negligible compared to that of the diffusion of air into PDMS or water (𝑡 =

ℎ𝑤 𝐷⁄ = 4.7 s, where 𝐷  is the diffusion coefficient of air into PDMS or water, and 

𝐷  ~ 4.5 × 10  m2 s−1 [31]). Given that the volume of PDMS is immense compared 

to that of the liquid, only a tiny fraction of air diffuses into the liquid. Thus, the same 

pressure is imposed in the liquid everywhere and is equal to the applied pressure from 

the controller. Furthermore, the system is considered to be isothermal. We neglect 

liquid vapor and condensation drops on the channel wall. We propose here a 

dimensionless number G that can be used to characterize the relative weight of viscous 

relaxation time along the channel for a given pressure to the time of air diffusion into 

PDMS, 𝐺 = 12𝜇𝐷 𝐿 [𝑤ℎ (𝑃 + 𝑃 )]⁄ , where 𝑃  is the atmosphere pressure. Our 
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experiment here has 𝐺 ∼ 10−4, meaning that the gas diffusion dominates the viscous 

effects. This situation is different from the case of capillary filling in a closed-end 

nanochannel with a non-permeable wall, where 𝐺 ∼ 106 and force analysis is necessary 

[30]. On the other hand, the channel height h and the channel width 𝑤 are much larger 

than those of nanochannels; hence, the resisting surface tension pressure in the filling 

process of DI water is relatively small compared to the imposed pressure. The Reynolds 

number (𝑅𝑒 = 𝑤𝑈 𝑣⁄  ~ 10 , where 𝑈 is the velocity of the liquid, e.g., the DI water, 

in the finger) is relatively small in our experiments. Hence, inertial forces of the filling 

liquid can be neglected. In the filling process with DI water, the trapped air pressure is 

essentially equal to that of the filling liquid, 𝑃 + 𝑃 .  

For mathematical simplicity, we can model our microchannels with a rectangular 

cross section as the equivalent cylindrical channel with the same perimeter, which gives 

2(ℎ + 𝑤) =  𝜋𝐷  or 𝐷 = 2(ℎ + 𝑤) 𝜋⁄  where 𝐷  is the diameter of the equivalent 

 

Figure 4.2. (a) Model equivalence from the microchannel with rectangular cross 

section to that with circular cross section. The equivalence is based on the same 

perimeters of the two different geometries but they do not differ in channel length. 

(b) Calculation domain in the model. The shadow area is the PDMS domain in polar 

coordinates and the hollow area is the channel filled with trapped air under the 

pressure of 𝑃 + 𝑃 . 
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cylindrical channel, as depicted in Figure 4.2a. With this equivalence, we can model the 

system in polar coordinates and avoid redundant calculations in Cartesian coordinates. 

Next, we consider the dynamic behavior of the trapped air both in the channel and in 

the PDMS domain shown in Figure 4.2b. Let 𝑃(𝑟), 𝑌(𝑟), and 𝐶(𝑟) denote the pressure 

of air in the PDMS domain, mass, and volume fraction of gas in the PDMS domain, 

respectively. According to the study of Sadrzadhel et al. [32], nitrogen and oxygen have 

similar permeability: 𝜕𝐶 𝜕𝑃⁄ =  9.35 × 10  Pa−1 and 𝜕𝐶 𝜕𝑃⁄ =  1.87 ×

10  Pa−1 in PDMS and, thus, we have 

⎩
⎪
⎨

⎪
⎧𝜕𝑌

𝜕𝑃
=

𝜌

𝜌

𝜕𝐶

𝜕𝑃
=  1.1 × 10  Pa

𝜕𝑌

𝜕𝑃
=

𝜌

𝜌

𝜕𝐶

𝜕𝑃
=  2.5 × 10  Pa

 

Hence, we can calculate the mass fraction of gas in the PDMS domain under a given 

pressure P as 𝑌 = 𝜕𝑌 𝜕𝑃⁄ × 𝑃, which governs the boundary conditions for the liquid 

filling process.  

We define nondimensional variables 𝜂 = 2𝑟 𝐷⁄  and 𝜏 = 𝑡 𝑡⁄ , where 𝑡 =

𝐷 (4 × 𝐷 ) = (ℎ + 𝑤) (𝜋 𝐷 )  denotes the characteristic diffusion time, and 

𝐷  ~ 4.5 × 10  m2s−1 is the diffusion coefficient of both N2 and O2 in PDMS (almost 

the same). For each individual finger, the filling time 𝑡 starts from the moment that the 

liquid enters the finger. The diffusion of gas into PDMS is governed by Fick’s second law 

and can be rewritten as a nondimensional equation: 

𝜕𝑌

𝜕𝜏
=

1

𝜂

𝜕𝑌

𝜕𝜂
+

𝜕 𝑌

𝜕𝜂
 

(1) 

(2) 
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Equation 2 is a partial differential equation with two variables. We introduce a 

self-similar variable ξ = 𝜂 (4𝜏)⁄  and the partial differential equation can be 

transformed into an ordinary differential equation: 

ξ𝑌" + (1 + ξ)𝑌′ = 0 

with the boundary conditions  

𝑌(ξ ) = 𝑌 = (1 + 𝑃 𝑃⁄ )𝑌 ,

𝑌(ξ → ∞) = 𝑌 ,
 

where ξ  reflects the initial situation of the PDMS already loaded with air at atmospheric 

pressure P0 before the liquid enters the channel. In this regard, it should have the same 

value for all different pressures and experiments performed with the same device. In 

our case, ξ  is fixed when DI water is injected at different pressures. As for the 

differences in the characteristic features of the geometries used in the model and the 

actual device, ξ  would be used as the fitting parameter for the model of each 

configuration.  

Equation 3 has the analytical solution: 

𝑌(ξ) = 𝑌 1 +
𝑌 − 𝑌

𝑌

Ei(−ξ)

Ei(−ξ )
 

where Ei(𝑥)  is the exponential integral function and expressed as Ei(𝑥) =

− ∫ (𝑒 𝑡⁄ )𝑑𝑡. Finally, to compute the diffusion velocity of air at the inner surface of 

the channel 𝑣 = −𝐷 (𝜕𝑌 𝜕𝑟⁄ )| =  −𝐷 (𝜕𝑌 𝜕𝑟⁄ )| / , one has 

𝑣 = −𝐷
2𝜋

ℎ + 𝑤

exp −
1

4𝜏
Ei(−ξ )

(𝑌 − 𝑌 ) 

(3) 

(4) 

(5) 
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Now, the advance of the liquid into the channel is governed by the following 

equation: 

𝜌
𝑑𝑙

𝑑𝑡
ℎ𝑤 + 0.79𝜌 𝑣 , + 0.21𝜌 𝑣 , × 2(ℎ + 𝑤)𝑙 = 0 

with the initial condition of 𝑙(𝑜) = 𝐿, where 𝑙 is the length of trapped air in the channel; 

𝜌 = 0.79𝜌 + 0.21𝜌  is the density of air; and 𝑣 = −𝐷 (𝜕𝑌 𝜕𝑟⁄ )|  is the mass 

flux of the gas by Fick’s first law, where (𝜕𝑌 𝜕𝑟⁄ )|  is the surface gradient of the mass 

gas fraction 𝑌 in the PDMS (mass of gas per mass of PDMS plus gas). For simplicity, we 

assume that 𝑣  is the average value of the diffusion velocity along the whole inner 

surface of the channel 2(ℎ + 𝑤)𝑙. Thus, based on Equation 5, the solution for Equation 

6 is 

𝑙(𝑡) = 𝐿 × exp
𝑡

𝑡
𝑒𝑥𝑝 −

𝑡

4𝑡
−

𝑡

4𝑡
𝛤 0,

𝑡

4𝑡
 

where Γ(0, 𝑥) denotes the Gamma function of the variable 𝑥, and 

𝑡 =
Ei(−ξ )ℎ𝑤𝑝 × (𝑃 𝑃⁄ )

4𝜋𝐷 (0.79𝜌 𝑣 , + 0.21𝜌 𝑣 , )
 

Figure 4.3a show the results of Equation 7 in terms of dimensionless filling length 

𝐿 𝐿⁄ , where 𝐿 (𝑡) = 𝐿 − 𝑙(𝑡) is the filling length of the liquid in microchannels. Here, 

we treat 𝑘 = −4𝜋 Ei(−ξ )⁄  as a fitting factor for the experimental data, resulting in 

ξ = 2.103. We can see a good agreement between the experimental data of DI water 

and the model. Note that there is only one adjustable parameter in Equation 7, ξ , and 

𝑃  is an operational parameter. Again, consider that ξ  is a fixed fitting factor that 

reflects the initial situation of the PDMS already loaded with air before the liquid enters 

(6) 

(7) 
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the channel and Pi is the artificially controlled pressure imposed by the pressure 

controller. Equation 7 can be rewritten as 

(1 − 𝐿 𝐿⁄ ) ⁄ = exp
1

𝜓
𝜏 𝑒𝑥𝑝 −

1

4𝜏
−

1

4
𝛤 0,

1

4𝜏
 

where 𝜓 = − 𝑡 (𝑃 𝑃⁄ ) 𝑡⁄  and 𝜏 = 𝑡 𝑡⁄ . Plotting (1 − 𝐿 𝐿⁄ ) ⁄  against time 𝑡  in 

Figure 4.3b, all four data sets collapse and have a good agreement with the predictions 

from Equation 8, which confirms the rationality of the model and the value of the fitting 

factor ξ .  

With the above model, we then investigate the filling process of EGaIn in the 

microchannels. EGaIn is a low-toxicity electrically conductive liquid metal at room 

temperature. The eutectic alloy is composed of 75.5% Ga and 24.5% In by weight. The 

resistivity of EGaIn is 29.4 ×  10  Ωcm, which is about eight orders of magnitude more 

conductive than tap water [33]. EGaIn is quickly gaining in popularity due to the vast 

number of applications in microfluidics such as pumps, valves, mixers, electrodes, 

(8) 

 

Figure 4.3. Normalized filling length of DI water as a function of time at different inlet 

pressures. The dots are experimental data obtained from the videos using Matlab 

image processing. The solid lines are theoretical predictions from Equations 2 and 3, 

respectively. 
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sensors, and heaters [33]. We later use EGaIn-filled IDTs to demonstrate the generation 

of SAWs. Figure 4.4 shows both experimental and theoretical data for the case of EGaIn. 

The inlet pressures are 1200 and 1600 mbar. We choose these pressures for a number 

of reasons. At low pressures (1000 mbar or below), the filling time is relatively long 

(more than a few minutes) and the process is deemed inefficient for the fabrication of 

 

Figure 4.4. (a) Experimental data of the nondimensional length of the EGaIn filled in 

each part of each channel as a function of time, under an imposed inlet pressure of 

(a) 1200 mbar and (b) 1600 mbar. Each color represents the filling process in each 

one of the nine microchannels considered. (c) Normalized filling length as a function 

of time for EGaIn. The open circles are the arithmetic average of the filling length of 

nine adjacent fingers at the same time and the red solid curves denote results based 

on the theoretical model. 
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IDTs. At high pressures (above 1600 mbar), delamination may occur due to the relatively 

weak bond strength between PDMS and lithium niobate. The filling observations 

obtained at the above pressures are adequately sufficient for a qualitative comparison 

between both fluids (DI water and EGaIn). The obtained experimental results also 

provide ample data for theoretical modeling. 

Compared with the filling process of DI water, intermittencies or stepwise filling 

can be observed for EGaIn. We attribute this interesting phenomenon to the formation 

of a thin oxide layer. This oxide layer forms instantaneously when EGaIn is exposed to 

air [33,34]. The filling process can be described as a continuous repetition of the 

following three steps: (1) filling, (2) formation of the oxidized layer, and (3) breaking the 

oxidized layer. This repetitive behaviour is captured and depicted in both Figure 4.4a 

and b. We simplify the analysis by focusing on the average filling process in each single 

finger (IDT). We obtain the arithmetic average of the filling length of nine adjacent 

fingers and normalize the filling length as a function of time. The solid continuous curve 

in Figure 4.4c shows the theoretical modeling using Equation 8. The fitting parameter is 

ξ  = 1.66. Recall that ξ  represents the initial situation of the PDMS already loaded with 

air at atmospheric pressure 𝑃  before the liquid enters the channel. However, for the 

filling of liquid metal, the process is not only dominated by the initial condition of the 

PDMS channel prior to the liquid injection, but it is also influenced by the stochastic 

features during its filling process, as shown in Figure 4.4a and b. As a result, a different 

fitting parameter ξ  = 1.66, rather than ξ  = 2.103, is used in the model. We would like 

to emphasize that our current model does not agree flawlessly with the observed 

experimental data as that of water. Slight deviations from the theoretical model can be 

observed at various filling stages. Nevertheless, the model can still be considered as 
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reasonable for both imposed inlet pressures of 1200 and 1600 mbar. The actual 

mechanism of the formation and breaking of the oxide layer is very complex and a more 

detailed analysis is currently beyond the scope of this paper. This complex mechanism 

is studied in detail in a separate work [35]. 

Finally, we demonstrate the efficient generation of SAWs using an open space 

droplet. The IDTs are filled with EGaIn using the proposed pressurized mechanism. This 

demonstration clearly ascertains both the feasibility and applicability of the proposed 

concept. Here, we use 20 finger pairs where two separate microchannels are filled 

separately. The integrated PDMS/Lithium niobate is fabricated, bonded and tested as 

reported in our previous work15. We characterize the S11 measurement of the system 

using the network analyser (Keysight technologies, 8753C).  

 

Figure 4.5. Image sequence showing different flow patterns when the IDTs are 

activated. The frequency of the input signal is 4.161MHz. The applied voltage is 

200mVpp. Acoustic streaming induced by travelling surface acoustic waves can be 

clearly observed. 



112 
 

To observe the surface acoustic waves generated by the IDT channels, a 0.5L 

droplet loaded with 0.02% volume ratio of fluorescent particles (PSF001UM, Magsphere) 

is pipetted and placed at about 7mm away from the IDTs. We then apply an alternating 

current (AC) voltage of about 200 mVpp at a frequency of 4.161 MHz. Figure 4.5 shows 

image frames of the droplet at different time sequences. The images clearly show flow 

patterns induced by a streaming vortex. These flow patterns are similar to the one 

previously reported26-29. 

4.5 Conclusion 

In conclusion, the pressurized filling processes of both DI water and EGaIn in a 

porous closed-end microchannel are experimentally and theoretically studied. For the 

case of DI water, our proposed model agrees relatively well with the experimental data. 

In the case of EGaIn, the theoretical model and the experimental data fit reasonably 

with slight deviations. We also demonstrate that the proposed filled IDTs can be used to 

generate SAWs to induce streaming in an open droplet. We envisage that the self-

aligned comb-shaped single-electrode IDTs will be adopted in the microfluidic 

community due to their simplicity.  

4.6 Acknowledgements 

This work is performed at the Queensland Node of the Australian National 

Fabrication Facility, a company established under the National Collaborative Research 

Infrastructure Strategy to provide nano- and microfabrication facilities for Australia’s 

researchers. S.H.T. and N.T.N. gratefully acknowledge the support of the Australian 

Research Council (ARC) Discovery Early Career Researcher Award (DECRA) (Grant No. 

DE170100600), and Griffith University-Simon Fraser University Collaboration grant. W.G. 



113 
 

and H.D.X. are grateful for the support by the National Natural Science Foundation of 

China (Grants No. 11472094, No. 11772259, and No. U1613227), and the 111 project of 

China (Grant No. B17037). 

4.7 References 

1. Z. Wang and J. Zhe, Lab on a Chip, 2011, 11, 1280-1285. 

2. G. Destgeer and H. J. Sung, Lab on a Chip, 2015, 15, 2722-2738. 

3. L. Y. Yeo and J. R. Friend, Annual Review of Fluid Mechanics, 2014, 46, 379-406. 

4. Themed Collection: Acoustofluidics, 

http://pubs.rsc.org/en/journals/articlecollectionlanding?sercode=lc&themeid=

522ee1d1-9ee9-4b13-aed6-77c4d8fd9944.). 

5. R. M. White and F. W. Voltmer, Applied Physics Letters, 1965, 7, 314-316. 

6. D. Morgan, in Surface Acoustic Wave Filters (Second edition), Academic Press, 

Oxford, 2007, DOI: https://doi.org/10.1016/B978-012372537-0/50000-5, pp. xi-

xiv. 

7. E. Ash, in Surface Acoustic Wave Filters (Second edition), ed. E. G. S. Paige, 

Academic Press, Oxford, 2007, DOI: https://doi.org/10.1016/B978-012372537-

0/50001-7, pp. xv-xvi. 

8. Z. Z. Chong, S. H. Tan, A. M. Gañán-Calvo, S. B. Tor, N. H. Loh and N.-T. Nguyen, 

Lab on a Chip, 2016, 16, 35-58. 

9. Z. Z. Chong, S. B. Tor, N. H. Loh, T. N. Wong, A. M. Ganan-Calvo, S. H. Tan and N.-

T. Nguyen, Lab on a Chip, 2015, 15, 996-999. 

10. M. Sesen, T. Alan and A. Neild, Lab on a Chip, 2014, 14, 3325-3333. 

11. H.-D. Xi, H. Zheng, W. Guo, A. M. Ganan-Calvo, Y. Ai, C.-W. Tsao, J. Zhou, W. Li, Y. 

Huang, N.-T. Nguyen and S. H. Tan, Lab on a Chip, 2017, 17, 751-771. 



114 
 

12. X. Ding, P. Li, S.-C. S. Lin, Z. S. Stratton, N. Nama, F. Guo, D. Slotcavage, X. Mao, J. 

Shi, F. Costanzo and T. J. Huang, Lab on a Chip, 2013, 13, 3626-3649. 

13. J. Min and A. J. Baeumner, Electroanalysis, 2004, 16, 724-729. 

14. A. C. Siegel, D. A. Bruzewicz, D. B. Weibel and G. M. Whitesides, Advanced 

Materials, 2007, 19, 727-733. 

15. Z. Ma, A. J. T. Teo, S. H. Tan, Y. Ai and N.-T. Nguyen, Micromachines, 2016, 7, 216. 

16. S. H. Tan, F. Maes, B. Semin, J. Vrignon and J.-C. Baret, Scientific Reports, 2014, 

4, 4787. 

17. H.-D. Xi, W. Guo, M. Leniart, Z. Z. Chong and S. H. Tan, Lab on a Chip, 2016, 16, 

2982-2986. 

18. A. C. Siegel, S. S. Shevkoplyas, D. B. Weibel, D. A. Bruzewicz, A. W. Martinez and 

G. M. Whitesides, Angewandte Chemie, 2006, 118, 7031-7036. 

19. J. Nam and C. S. Lim, Lab on a Chip, 2016, 16, 3750-3755. 

20. T.-T. Wu and I.-H. Chang, Journal of Applied Physics, 2005, 98, 024903. 

21. M. K. Tan, J. R. Friend and L. Y. Yeo, Applied Physics Letters, 2007, 91, 224101. 

22. G. Destgeer, B. H. Ha, J. Park, J. H. Jung, A. Alazzam and H. J. Sung, Physics 

Procedia, 2015, 70, 30-33. 

23. L. Schmid, D. A. Weitz and T. Franke, Lab on a Chip, 2014, 14, 3710-3718. 

24. V. Skowronek, R. W. Rambach, L. Schmid, K. Haase and T. Franke, Analytical 

Chemistry, 2013, 85, 9955-9959. 

25. S. H. Tan, N.-T. Nguyen, Y. C. Chua and T. G. Kang, Biomicrofluidics, 2010, 4, 

032204. 

26. H. Li, J. R. Friend and L. Y. Yeo, Physical Review Letters, 2008, 101, 084502. 

27. M. Wiklund, R. Green and M. Ohlin, Lab on a Chip, 2012, 12, 2438-2451. 



115 
 

28. M. Alghane, B. X. Chen, Y. Q. Fu, Y. Li, J. K. Luo and A. J. Walton, Journal of 

Micromechanics and Microengineering, 2011, 21, 015005. 

29. R. J. Shilton, M. Travagliati, F. Beltram and M. Cecchini, Advanced Materials, 2014, 

26, 4941-4946. 

 

  



116 
 

4.8 Appendix A 

S4.1. Video of Water Filling at Multiple Pressures 

A video compilation showing the effects of liquid filling using multiple inlet 

pressures. Each separate video was captured at a low frame rate of 10 fps and played at 

a rate of 125 fps. For proper segregation of each liquid column in the different videos, 

the dye concentrations used at each pressure were slightly adjusted without affecting 

the fluidic properties of the DI water used. 

S4.2. Video of Liquid Metal Filling at 1600 mBar 

A video showing the filling of the liquid metal (EGaIn, Sigma Aldrich) with inlet 

pressure at 1600 mBar. The video captured the stepped motion of the liquid metal. This 

is attributed to the constant formation and breaking of the oxide layer formed with 

exposure to air. This video was captured at 10 fps and played at a rate of 50 fps. 

 

Figure S-1. Screen captures of water filling at different pressures. 
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S4.3. Video of SAW induced droplet streaming  

A video showing droplet streaming induced by traveling surface acoustic wave. 

The video captured the SAW actuated particle motion inside a droplet. This video was 

captured at 20 fps and played at a rate of 20 fps. Screen captures of this video is given 

in Figure 4.5. 

S4.4. Resonance Frequencies of the Device 

A network analyzer with a working bandwidth ranging from 0 to 30MHz is used 

to characterize the resonance frequencies of the fabricated device. The device is 

 

Figure S-2. Screen captures of EGaIn filling at 1600mBar for different time 
durations. 

 

Figure S-3. Measured response frequencies obtained from one-port measurement 
(S11) of the network analyzer using an IDT device with both fingers filled with EGaIn. 
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measured using one port (S11). One-port measurement requires only one IDT as the 

emitter and receiver. In this method, an ac signal with fixed input power but varying 

frequencies is applied to the IDT. The reflected signal, which travels back from the device 

along the same signal cable, is used to transmit the input signal. The resonant frequency 

is determined when the output has a minimum value.  

Figure S-3 shows the measured signals (S11) when the interdigital channels are 

filled with EGaIn. Here, we choose the first-order frequency (4.161 MHz) as the 

frequency of the input signal. The measured first resonance frequency agrees well with 

the theoretical resonance frequency of 4.975 MHz (𝑓 = 𝑐 𝜆⁄ , 𝑐 is about 3980 m/s, and 

𝜆 is 800 μm). 
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5.1 Abstract 

We investigated the influence of an alternate current (AC) electric field on 

droplet generation in a T-junction device. We used sodium chloride solution at various 

conductivities to adjust the response time of the fluidic system. At constant flow rates 

of both continuous and dispersed phases, the critical parameters for the droplet 

formation process are the magnitude, the frequency of the applied voltage and the 

conductivity of the dispersed phase. The response of the droplet formation process to 

AC excitation is characterised by the relative area of the formed droplet. The relative 

response time of the fluidic system to the applied AC voltage is characterised by the 

relative response time that is proportional to the ratio of the AC frequency to the 

conductivity of the dispersed phase. An accurate prediction of the breakdown voltage 

for the walls also proved robustness of our model. Furthermore, experiments were 

repeated with 0.5 g/L and 1 g/L xanthan gum solutions as non-Newtonian fluids. The 

results reveal the negligible influence of viscoelasticity on the droplet formation process. 

On-demand size controllable generation of non-Newtonian droplets is subsequently 

demonstrated following the same trend of the Newtonian counterparts. 

 

Key words: AC electric field; droplet generation; T-junction; droplet-based microfluidics 

5.2 Introduction 

Droplet-based microfluidics is an advanced liquid handling technique with 

advantages such as low contamination, high sensitivity, accuracy and reliability 

(Schneider et al. 2013; Whitesides 2006). Devices for droplet-based microfluidics are 

generally of low cost and small. The common configurations for droplet formation are 
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the T-junction (Tan and Nguyen 2011; Xi et al. 2016) and the flow-focusing (Ma et al. 

2016; Teo et al. 2017) geometry. Active control methods have been used in these 

devices to manipulate the formation of droplets. One of the most successful methods 

(Link et al. 2006; Yoon et al. 2014) uses an AC electric field to induce change in the 

droplet size (Chaudhuri et al. 2017; Malloggi et al. 2007; Yeo et al. 2004). The application 

of this form of external energy has also been previously utilised for droplet sorting (Baret 

et al. 2009), merging (Thiam et al. 2009), deformation (Xi et al. 2016), injection (Abate 

et al. 2013), and generation (Huang et al. 2017). Placing the electric field at the location 

of droplet formation induces an external force to the fluid interface, affecting the 

formation of the emerging droplet. 

Without an applied electric field, the size of the droplet formed at a T-junction 

depends on the properties of the fluids and the channel geometries (Li et al. 2012). 

Common parameters affecting the droplet formation process are the capillary number 

𝐶𝑎 = 𝜇 𝑄 /𝜎𝐴,  the flow rate ratio 𝑄 /𝑄 , viscosity ratio 𝜇 /𝜇 , aspect ratio ℎ/𝑤 , 

and the channel width ratio 𝑤 /𝑤  where 𝜇 , , 𝑄 ,  and 𝑤 ,  are the dynamic viscosity, 

flow rate and channel width of the corresponding phases. Subscripts 𝐶 and 𝐷 refer to 

the continuous and dispersed phases, respectively. Furthermore,  𝜎 is the interfacial 

tension, 𝐴 is the cross-sectional area of the fluidic channel and ℎ is the height of the 

channel. The two major droplet formation regimes are the dripping regime (shear-

dominated) and squeezing regime (pressure-dominated) separated by the critical 

capillary number 𝐶𝑎~0.01  (Garstecki et al. 2006). Upon the introduction of an 

alternate-current (AC) electric field, further extension of these regimes such as dripping, 

unstable and axisymmetric jetting were observed in flow-focusing configurations 

(Castro-Hernández et al. 2015). In these cases, the electric field induce a Maxwell stress 
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at the fluid interface which has a pressure component normal to the interface, opposing 

the Laplace pressure of the interfacial tension (Castro-Hernández et al. 2015). 

Unfortunately, there is little mention of the effects of an AC electric field on droplet 

generation in devices employing T-junction designs, leading to our interest in this 

current work. 

This paper experimentally investigates the change of droplet size by varying the 

AC electric field and the electrical conductivity of the dispersed phase, Figure 5.1. The 

applied AC electric field induces a voltage 𝑉  at the fluid interface between the 

continuous and dispersed phases as reported previously (Tan et al. 2014a; Tan et al. 

2014b). Following this approach, we vary the applied voltage 𝑉 , the frequency 𝑓, and 

the conductivity of the dispersed phase 𝑘 to vary the size of the formed droplets. We 

introduce a normalized dimensionless 𝐺 variable to represent the change in droplet size. 

We also establish a dimensionless response time of the system 𝜏∗  to represent the 

response time of the fluid system relative to the change of the applied AC voltage. We 

finally develop an electric circuit model to establish the relationship between G and the 

relative response time 𝜏∗. 

Following the establishment of the relationship between droplet size and the 

applied AC electric field, non-Newtonian fluids as dispersed phase were used to 

demonstrate that their behaviour also follow that of Newtonian fluids. We used dilute 

xanthan gum solutions with concentrations of 0.5 g/L and 1 g/L as shear-thinning non-

Newtonian fluids. The results demonstrate the robustness of the control method that is 

independent of the viscoelasticity of the dispersed phase. Keeping the flow rates 

constant eliminates the effect of shear thinning phenomenon across all experiments, 

leaving the control to the AC voltage only. Lastly, we also demonstrate on-demand single 
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droplet generation using 0.5 g/L xanthan gum solution. On-demand droplet generation 

using AC electric fields has been previously demonstrated by others (Gu et al. 2008; 

Malloggi et al. 2007). However, the method demonstrated here does not require direct 

fluid-electrode contact and also does not charge up the dispersed phase, enabling its 

use in a wider variety of applications. 

5.3 Experimental Method 

A PDMS T-junction device was fabricated using standard soft lithography and 

bonding to a glass slide coated with indium tin oxide (ITO). The channel dimensions are 

given in the Supplementary Figure A. The device was placed on an inverted microscope 

(Eclipse Ti, Nikon Instruments) for observation and image recording with a high-speed 

camera (Phantom Miro3, Vision Research), Figure 5.1. The camera was linked to a 

computer, allowing real-time image acquisition and control of flow rates using a set of 

syringe pumps (neMESYS, Centoni GmbH).  

 

Figure 5.1. Experimental setup showing the schematic diagram of the T-junction and 
the electrode configuration for the generation of a uniform AC electric field across 
the junction. 
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Sunflower oil (Sigma Aldrich) was used in our experiments for the continuous 

phase with a viscosity of 53.5 mPa.s (Shojaeian and Hardt 2018). Initial experiments 

were conducted using deionised (DI) water with a viscosity of 1 mPa.s (Teo et al. 2017) 

and average interfacial tensions of 23.5 N/m (Shojaeian and Hardt 2018). Sodium 

chloride (NaCl, Chem-Supply Pty Ltd) was used to provide a series of different 

conductivities 𝑘  up to 3,200 µS/cm. The viscosities of these solutions has previously 

been well studied, and reported to be constant at room temperatures (Aleksandrov et 

al. 2012). For the demonstration with non-Newtonian fluids, DI water and xanthan gum 

powder (Sigma Aldrich) were mixed at two different concentrations, 0.5 g/L and 1 g/L 

respectively. The polymer solutions were stirred at 40OC using a magnetic stirrer for 30 

minutes until no visible powder was observed and left to stand for another 30 minutes 

to remove bubbles before carrying out experiments. The polymer solutions have low-

shear viscosities of 205 mPa.s for 0.5 g/L and 460 mPa.s for 1 g/L as previously reported 

by Tam and Tiu (Tam and Tiu 1989) and average interfacial tensions of 23.5 mN/m 

(Shojaeian and Hardt 2018). Likewise, the conductivities are measured before each 

experiment. The viscosity of xanthan gum solutions is insensitive to salt concentration 

up to high concentration levels (Rochefort and Middleman 1987), therefore no other 

properties of the fluid apart from the conductivity are affected through this step. 

Throughout the experiments, the size of the droplets generated at the junction 

were tuned only by the electric field. Electrodes were fabricated beside the junction 

where indium were filled into the electrode channels to accurately generate a localised 

electric field at the junction (Gañán-Calvo et al. 2018; Guo et al. 2018; Ma et al. 2016). 

The black electrodes in Figure 5.1 were connected to the ground, and the two red 

electrodes next to the dispersed phase channel delivered the AC electric field to the 
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junction. These electrodes are connected to an external setup comprising of a function 

generator (33210A, Keysight Technologies) and a voltage amplifier (Model 623B, Trek 

Inc). An oscilloscope (TBS1102B, Tektronix) was used to observe and record the output 

voltage from the amplifier which directly goes into the device. The readings obtained 

from the oscilloscope is therefore the 𝑉  used in our analyses. 

The flow rates of the continuous and dispersed phases were respectively 

150 L/hr and 30 L/hr with a corresponding capillary number of 𝐶𝑎 = 0.016 , implying 

that the system is in the dripping regime where the droplet generation is dominated by 

the force balance between the shear force and interfacial force at the junction (Xu et al. 

2008). Droplets generated were also of good uniformity within 3% of average size. 

Videos of droplet generation were captured at 500 frames/sec with more than 60 

droplets were generated per recording. Accordingly, we process each video using the 

Automated Droplet Measurement software (ADM) (Chong et al. 2016) to obtain the 

droplet areas from each video. Due to the relatively shallow microchannel, the droplets 

formed have a flat cylindrical shape which allows us to approximate the volume using 

the droplet area measured. 

5.4 Results and Discussion 

We first systematically observed the influence of the applied voltage 𝑉  on 

droplet area for DI water, a. Making use of DI water with a low conductivity of 

approximately 0.65 µS/cm, the size of the droplet generated was observed as 𝑉  was 

increased from 0 to 400 VRMS while the AC frequency was maintained at 30 kHz. Initial 

observations reveal that the droplet size was relatively independent of the increase in 

𝑉 . The same experiment was repeated using water at a higher conductivity of 
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162 µS/cm where a surprisingly different trend was observed. As 𝑉  increases, the 

droplet area decreases significantly by almost 40% of its original size, indicating that the 

applied electric field is the main player in the formation process. By further increasing 

𝑉 , it is expected that the droplet size for the 162 µS/cm DI water would drop further. 

With these initial results, we hypothesized that the conductivity of the dispersed phase 

plays an important role in controlling the size of the generated droplets.  

Observation of the videos recorded for the 162 µS/cm solution also revealed a 

visible effect of the electric field on the droplet formation process, Figure 5.2b. With the 

electric field turned on, the liquid finger was observed to be pulled out towards the 

ground electrode on the opposite side of the channel for the dispersed phase. The 

applied voltage 𝑉  induces a voltage at the liquid-liquid interface 𝑉 , resulting in a 

force perpendicular to the flow direction of the continuous phase. This force is similar 

to that induced by the Maxwell stress developed by the electric field on the fluid 

interface demonstrated by Tan (Tan et al. 2014b). The force accordingly pulls the 

dispersed phase liquid finger further across the main channel, resulting in an increase in 

 

Figure 5.2. Experimental results of droplet size versus the magnitude of the applied 

voltage: (a) Droplet area against voltage 𝑉  for 0.65 µS/cm and 162 µS/cm DI water 

at AC frequency of 30 kHz; (b) Images of droplet generation for both fluids from 0 – 

400 VRMS. Scale bar denotes 100 µm. 

(b) (a) 
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upstream pressure on the exposed liquid finger. This process leads to a greater 

hydrodynamic force pushing the liquid finger downstream, inducing a greater shear. The 

larger the magnitude of the applied voltage 𝑉 , the larger is the pushing force, and 

the faster is the breakup  process, leading to a smaller droplet.   

Next, we investigated the effects of adjusting the AC frequency 𝑓 for the electric 

field applied with five different conductivities of the dispersed phase. The five 

conductivity values were 0.63 µS/cm, 9.7 µS/cm, 32 µS/cm, 218 µS/cm and 3,200 µS/cm, 

with  𝑉   remaining constant at 273 VRMS and AC frequency ranging from 10 kHz to 

50 kHz. Figure 5.3a shows that different conductivities lead to different trends of droplet 

size as function of frequency. Corresponding microscope images for each conductivity 

and frequency are given in Figure 5.3b. Fluids with a lower conductivity of 0.63 µS/cm 

and 9.7 µS/cm showed a decreasing effect of the electric field, whereas the solution with 

a higher conductivity of 218 µS/cm shows an increasing effect. The effect of the electric 

 

Figure 5.3. Experimental results showing the influence of varying AC frequency and 

conductivity of the dispersed phase: (a) Effect of conductivity k of the dispersed 

phase and frequency f on droplet area; (b) Microscope images of droplet generation 

junction for fluids with various conductivities at different AC frequencies. 𝑉  used 

remains constant at 273 VRMS. Scale bar denotes 100µm. 

(a) 

(b) 
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field on the 32 µS/cm solution on the other hand shows a drastic drop toward 10 kHz 

and then increases slightly with increasing frequency 𝑓 . The solution with a high 

conductivity of 3,200 µS/cm showed a minimum change in droplet size compared to the 

case without the electric field. This behaviour can be explained by introducing the 

relative response time 𝜏∗ : 

𝜏∗ =
𝜏 (𝑘)

𝜏 (𝑓)
=

𝑓

𝑘
(𝜀 𝜀 ) 

𝜏∗  is defined as a ratio of the RC response time of the dispersed phase with 𝜏 =

𝜀 𝜀 /𝑘 against the periodic characteristic time of the applied AC electric field 𝜏 = 1/𝑓, 

where 𝜀  refers to the vacuum permittivity of 8.85x10-12 F/m, 𝜀  is the relative 

permittivity of 80 for deionised water. Thus, the response time related to the properties 

of “the fluidic system” is represented by 𝜏 , while the characteristic excitation time of 

the AC source termed “the electric system” is determined by 𝜏 . In this analysis, we 

only observe the order of magnitude due to the large range of 𝜏∗. Experimental results 

indicate that the droplet size is affected by the electric field, and an optimal 𝜏∗ exists for 

the maximum effect of the electric field. 

To generalise the results across all sets of experiments, we introduce a 

dimensionless normalized variable 𝐺 that is obtained using experimental droplet areas. 

This variable determines the measure of influence of the electric field on the droplet 

area: 

𝐺 =
∆𝐴

∆𝐴
∝

𝑉

𝑉
 

where 𝐺 = 1 shows that the droplet generated is experiencing the maximum influence 

of the electric field, ∆𝐴  is the decrease in the droplet area upon activation of the 

(2) 

(1) 
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electric field at each frequency and conductivity. ∆𝐴  is the maximum change in 

droplet area obtained based on all the droplet areas tabulated from the different 

conductivity values.  In this case, ∆𝐴 = 4,100 µm2 observed at 𝑓 = 20 kHz and 𝑘 =

37 µS/cm. These data were plotted against the relative response time 𝜏∗ as given by the 

blue markers in Figure 5.4a. At low values of 𝜏∗ (base), 𝐺 is observed to have an average 

value of 0.4, which climbs to a plateau of 1 when 𝜏∗~3 × 10  and subsequently drops. 

With the above experimental data, we hypothesise that the behaviour of the 

droplet formation is determined by the electric circuit of the system. The circuit depicted 

in Figure 5.4b is derived based on the various elements within the device comprising of 

the positive and ground electrodes, PDMS walls, dispersed phase fluid column, glass 

 

Figure 5.4. Effect of relative response time on the droplet area: (a) Normalized 

change of droplet area G showing effect of electric field on droplet area for both 

Newtonian (blue markers) and non-Newtonian (red markers) fluids versus 𝜏∗ . Blue 

line shows 𝑉 /𝑉  against 𝜏∗  obtained from the electric circuit. 𝑉  used is 

constant at 273 𝑉 ; (b) Electric circuit of the system. 

(a) 

(b) 
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layer and ITO layer which is another ground electrode. Details of this model are provided 

in Supplementary Figure A. The applied voltage 𝑉  was introduced via the positive 

electrode (red). The grounded electrodes (black) were placed on the opposite side of 

the main fluidic channel. Due to this arrangement of the electrodes, the electric field is 

perpendicularly to the main microchannel (orange). The applied voltage 𝑉  here 

induces a voltage at the tip of the dispersed phase 𝑉 . This voltage depends directly 

on the resultant impedance of the dispersed phase segment that is within the positive 

electrodes and represented as 𝑍  in Supplementary Figure A. For the dispersed phase 

segments that are outside of the positive electrodes, the corresponding impedances are 

given as 𝑍  and 𝑍 . Each of these impedances is determined by the conductivity of the 

dispersed phase 𝑘, the characteristic length  𝐿  and the cross-sectional area 𝐴  of the 

segment with 𝑍 = . 

Apart from the resistive elements in the circuit, there are capacitive elements 

formed by the PDMS walls and glass layers. Schematic diagrams for these elements are 

provided in the insets of Supplementary Figure A. The capacitance due to the PDMS wall 

between the electrode and fluidic channel can be estimated using a parallel plate 

approximation, where 𝐶 = 2𝜀 𝜀 . Here, 𝜀  the relative permittivity 

of 2.5 for PDMS, 𝐿  the length of the electrode for dispersed phase section F1, 𝐻 the 

height of the channel at 28 µm, and 𝑊  the width of the PDMS wall. The capacitance 

of the glass is expressed as two independent terms due to the high dependency on the 

conductivity of the dispersed phase fluid. For the case of a highly conductive dispersed 

phase fluid, the impedances of 𝑍 , 𝑍  and 𝑍  decrease significantly. This causes the 

capacitive effect of the area of glass directly below the dispersed phase within the 

electrodes to be more prominent. We represent this capacitance as 𝐶 =
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𝜀 𝜀  where 𝜀  is 7.75, 𝑊  is the width of the dispersed phase 

channel and 𝑇  is the thickness of glass. Correspondingly, when a low-conductivity 

fluid is used, the impedances increase across the dispersed phase column, enhancing 

the effects of the capacitance of the glass below the column within the circuit. This 

capacitance is referred to as 𝐶 = 𝜀 𝜀  where 𝑆  is the surface area of 

the dispersed phase outside the electric field. 𝐶  in this scenario only takes into 

consideration the dispersed phase column outside the electrodes as the effect of the 

column within the electrodes is already accounted for by 𝐶 . The total impedance of 

the circuit is: 

𝑍 (𝑓, 𝑘) = 𝑍 (𝑓) + 𝑍 (𝑘) + 𝑍 , , , (𝑓, 𝑘) 

where 𝑍  is a function of frequency 𝑓 that is due to the capacitance of the PDMS 

wall 𝐶 , 𝑍  the impedance from 𝐹1 and 𝑍 , , ,  the impedance from the parallel 

segment of the circuit  

𝑍 , , , (𝑓, 𝑘) =
1

2𝜋𝑗𝐶

𝐿
𝑘𝐴

+
𝐿

𝑘𝐴
+

1
2𝜋𝑗𝑓𝐶

1
2𝜋𝑗𝐶

+
1

2𝜋𝑗𝐶
+

𝑓
𝑘

𝐿
𝐴

+
𝐿
𝐴

 

with  𝑗 = −1. 

Based on this circuit model, the overall relationship between the induced voltage 

and the applied voltage across the fluidic system is: 

𝑉

𝑉
=

𝑍 , , , (𝑓, 𝑘)

𝑍 (𝑓) + 𝑍 (𝑘) + 𝑍 , , , (𝑓, 𝑘)
 

(4) 

(3) 

(5) 
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The results from this equation is then plotted in Figure 5.4a as given by the blue 

line. The line shows a base value of V /V  = 0.13 that slowly climbs to a plateau of 

0.8 when 𝜏∗~3 × 10  followed by a drop.  

We observe a similar trend by comparing both the experimental data of droplet 

size (blue marker) and the results obtained from Equation 5 (blue line). First, both curves 

increase in amplitude for both 𝐺 and V /V  when 𝜏∗ < 3 × 10 . After this peak 

however, there was a steady decline for the experimental data whereas the theoretical 

line continued to increase to a peak at  𝜏∗ = 3 × 10 . Further evaluation of this 

phenomenon leads to a few observations. Firstly, the electric circuit derived is based on 

the electrode configuration used in the device and  the fluidic properties of the 

dispersed phase fluid. This method of analysis is similar to the one conducted by Tan 

(Tan et al. 2014b). In his manuscript, the same electrode configuration was adopted and 

a simplified electric circuit diagram was similarly developed. His analysis of the circuit 

diagram revealed a high-pass filter effect within the range of  10 < 𝑓/𝑘 < 10 , which 

translates to a range of 10 < 𝜏∗ < 10  with 𝜀 = 8.85 × 10  and 𝜀 = 80. This 

is similar to ours as given in Figure 5.4.  

Tan experimentally ascertained that the influence of the electric field on droplet 

size agreed well with his electric circuit analysis. In his case, a flow-focusing device 

geometry was employed. This meant that the flow direction of the generated droplets 

was along the electric field direction. Droplets are formed at the junction through the 

squeezing of the dispersed phase liquid column by the continuous phase flowing on 

either side of the column (Teo et al. 2017). This causes the column to eventually break 

and form a droplet.(Christopher and Anna 2007) With the activation of the electric field, 

the electrically induced Maxwell stress that is normal to the interface speeds up the 
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droplet breakup which increases with increasing  𝑓/𝑘. This correspondingly results in 

smaller droplets formed (Saville 1997; Tan et al. 2014b). For the case of a T-junction 

geometry, the direction of the forces described is evidently different from the case of 

the flow-focusing. Although the electrically induced Maxwell stress component is still in 

the same direction, the participating continuous phase exerts a shearing force instead 

that pushes one side of the liquid column (Xu et al. 2008). The inherent direction of the 

droplet flow is also perpendicular from the electric field.  

Considering that the main difference between the two manuscripts is in the 

junction design, we hypothesize that this drop be influenced by the junction geometry 

used. Accordingly, the experimental results observed in Figure 5.4 indicates that the 

effects on the droplet size is dominated by the electric field when 𝜏∗ < 3 × 10 . This 

is proven by the increasing trends of both curves. After the maximum however, this 

dominance is lost as 𝐺  declined rapidly even though the theoretical curve is still 

increasing. This is similar to the falling trend given by the theoretical curve when 𝜏∗ >

10 . This is understood to be due to the weakened effect of the electric field due to the 

fluidic forces exerted with the T-junction geometry used. This results in the fluidic 

system forces overriding the effects of the electric field, causing the droplets to become 

bigger with increasing 𝜏∗. 

Simultaneously, the values of 𝜏∗ at the maxima of both curves are two orders of 

magnitude apart as depicted by the dashed lines in Figure 5.4a. Considering that the 

experimental curve is based on a fluidic driven system and the other being based on the 

analysis of the electrical system, this disparity is expected. Optimization of channel 

dimensions may narrow the gap of discrepancy between V /V  and 𝐺 , but is 

currently out of the scope of this manuscript. The overall trend of the influence on the 
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electric field is still effectively represented by both experimental data of droplet size 

change G and the electrical gain V /V . To further validate the electric circuit model, 

we tested the robustness of the electrical circuit by examining the breakdown voltage 

of the device. 

Hypothetically, the device would fail when the 50 µm PDMS wall at the electrode 

breaks down, causing the indium used for the electrode to leak out into the main fluidic 

channel. This happens when the breakdown voltage of the PDMS material is reached 

and can be calculated based on the electric circuit model. According to manufacturer 

specifications, the dielectric strength of PDMS is given to be 19.7 MV/m. That means a 

50-µm PDMS wall would breakdown if experiencing a voltage of 945 VRMS across it, 

corresponding to predicted value of 𝑉 = 1,041 VRMS at 10 kHz for DI water at 𝑘 =

263 mS/cm. Using the salt solution at this 𝑘 value, we experimentally increased 𝑉  

until visually observing the breakdown of the PDMS wall. We observed a breakdown 

voltage at approximately 𝑉 =1,180 VRMS, close to the predicted value from Equation 

5. The slight deviation may be caused by fabrication imperfections whereby the wall 

thickness between the electrode and fluidic channel may have slight variations. 

Furthermore, the composition of the PDMS used for the fabrication may differ from that 

tested by the manufacturer. Nevertheless, this finding provides further evidence that 

the circuit developed is accurate and reliable. 

As mentioned earlier that the electric circuit diagram developed here is 

independent of the flow rates used for the microfluidic device. The flow rates used 

would only determine the initial droplet size without AC electric field. With the 

introduction of the electric field, the effects on the droplet size would be determined by 

the V /V  based on the electric circuit diagram. The effect on the droplet size at a 
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different flow rate would also be reflected through the normalized dimensionless 𝐺 

variable, which already accounts for the initial drop size. Therefore it is hypothesized to 

fall along the same curve. As such, we foresee that the results would be the same for 

different flow rates given a condition that the flow rates chosen remains in the dripping 

regime with 0.1 < 𝐶𝑎 < 0.3 (Xu et al. 2008). 

Proceeding with the above insights, experiments were conducted with non-

Newtonian fluids, 0.5 g/L and 1 g/L xanthan gum solutions for the dispersed phase and 

compared against pure DI water. For this set of experiments, we kept the frequency 

constant at 𝑓 = 30 kHz, while increasing 𝑉  from 0 to 400 VRMS , Figure 5.5a. By 

increasing 𝑉  and comparing the droplet areas, we observed that all three fluids 

showed different trends where the one with the most drastic decrease was the 0.5 g/L 

xanthan gum solution with a conductivity of 67 µS/cm. For this fluid, the decrease in 

area was 59%, whereas 48.5% for the 1 g/L xanthan gum solution and 20% for the DI 

water. According to Equation 5, increasing 𝑉 , increases 𝑉  correspondingly and 

therefore result in a decrease in droplet area. However, due to the different 𝑘 values, 

the influence was not contingent. Thus, the experiment was repeated with the same 

conductivity value 𝑘  of all three fluids, Figure 5.5b. The results reveal that all fluids 

experience the same decreasing trend with all the droplet areas dropping by 40%. This 

is in good agreement with the evaluation of Equation 5 for the particular relative 

response time 𝜏∗. The droplet area decreases with increasing 𝑉  as predicted.  

This set of results also reveal another interesting phenomenon that the droplet 

area generated were the same for both Newtonian and non-Newtonian fluids. The 

typical shear-thinning behaviour that is characteristic of the pseudoplastic non-

Newtonian fluid was not observed in our experiments due to the low shear rate in the 
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experiment (Katzbauer 1998), and only the shear rate of the continuous phase affects 

the formation process. There was also no consequential difference on the droplet size 

when using 0.5g/L or 1g/L xanthan gum solution. This set of results further accentuate 

our hypothesis that the trends observed in a are different due to the different 

conductivities of the various fluids used and not due to the viscoelastic properties of 

each fluid. 

Accordingly, we proceed to study the influence of 𝑘  and 𝑓  for the 0.5 g/L 

xanthan gum solution and the results are plotted as the red markers in Figure 5.4a. The 

𝑘  values used in this case are 67 µS/cm, 218 µS/cm and 3,200 µS/cm respectively. 

∆𝐴  used for this case is 4,400 µm2 that was observed with 𝑓 = 40kHz and 0.5 g/L 

xanthan gum solution at 𝑘 = 218 µS/cm. These conductivity values are the same for the 

Newtonian fluid. Plotting these results in the same figure as the DI water further proves 

the similarity of the Newtonian and non-Newtonian fluids. Observations from the red 

  

Figure 5.5. Effect of AC electric field on Newtonian and non-Newtonian fluids with 

different concentrations of xanthan gum: (a) Different conductivities lead to different 

droplet size trends with increasing voltage; (b) Same conductivity fluids leads to the 

same voltage dependency. A constant AC frequency of 30kHz is used for these 

experiments. Scale bars represent 100 µm. 

(a) (b) 
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markers also show a base 𝐺 = 0.68 when below 𝜏∗ = 2 × 10 , followed by a climb to 

0.81 when 𝜏∗ =  2 × 10 . As the xanthan gum solution could not attain lower 

conductivity levels due to the presence of the polymer particles, relative response time 

of 𝜏∗ > 10  could not be achieved. Based on both sets of results, we observe that both 

fluids behave in a similar manner against change in relative response time 𝜏∗.  

Finally, we demonstrate on-demand droplet generation using the 0.5 g/L 

xanthan gum solution. We employed a pressure controller (OB1, Elveflow) to achieve a 

stable interface, where no droplet was generated at first as previously reported (Teo et 

al. 2017). The pressures used for the continuous phase and dispersed phase were 

300 mBar and 196 mBar respectively for two different conductivities of the dispersed 

phase. Conductivities of 67 µS/cm and 3,200 µS/cm were chosen for this experiment as 

they represent both the peak and constant base of the trendline shown in Figure 5.4a. 

For each of these fluids, we first achieve a stable liquid-liquid interface at the orifice 

before introducing the AC electric field. Upon the electric signal, the induced force pulls 

the liquid column out of the orifice where the pressure from the continuous phase 

 

Figure 5.6. Droplet on demand demonstrated using pressure control for non-

Newtonian fluid. Droplet area trends observed here fit well with the fluidic system 

trend observed in Figure 5.3. Scale bars represent 100 µm. 
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accordingly generates a shearing force to slice off a portion of the extended column, 

forming the droplet. After each signal is turned off, the liquid column balances off at the 

orifice to form a stable interface due to the pressure balance between the two fluids. 

Each experiment was run by manually by introducing square electric signals at 300 VRMS, 

from 10 kHz to 60 kHz. A minimum of 10 droplets was obtained for each set of 

experiment and videos was recorded and processed accordingly to obtain the droplet 

areas.  

Figure 5.6 shows the droplet area as function of the applied frequency. The 67 

µS/cm line (red triangles) shows a decreasing trend with increasing frequency, indicating 

that raising the frequency leads to the formation of smaller droplets. This is similar to 

the trend observed for the same fluid in Figure 5.4a, where increasing the frequency 

affects the change of droplet size as depicted by 𝐺. In contrast, xanthan gum solution 

with 3,200 µS/cm shows negligible change in droplet area over a range of frequency. 

The droplet area was also approximately 50% smaller than the one for 67 µS/cm xanthan 

gum solution. This result further verifies that our hypothesis can be applied in droplet 

on-demand on a T-junction for non-Newtonian fluids.   

5.5 Conclusion 

We demonstrated the successful control of droplet generation in a T-junction 

device using Newtonian fluids using an AC electric field. We first experimentally 

examined the influence of the conductivity  𝑘 of the dispersed phase on droplet area 

through initial experiments with a Newtonian fluid, while adjusting the magnitude 𝑉  

and the frequency 𝑓. The effects of the AC electric field on droplet area was observed 

with the use of a normalized droplet area G. The influence of the AC electric field can be 

determined with the help of an electric circuit model. The model provides an equation 
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describing the relationship between key parameters such as the applied voltage 𝑉 , 

the frequency 𝑓 , the conductivity of dispersed phase 𝑘  and the voltage at tip of 

dispersed phase 𝑉 . Comparing experimental droplet size data and the gain of the 

electric circuit shows the same trend, indicating that the established correlation is sound. 

The same electrical circuit also successfully predict the breakdown voltage of the device, 

which was experimentally observed at approximately 1,180 VRMS. Subsequently, non-

Newtonian fluids, 0.5 g/L and 1 g/L xanthan gum solutions, were used as dispersed phase. 

The results indicate that the viscoelastic property of the dispersed phase does not affect 

the size of the droplet in this control scheme. The influence of the AC electric field on 

the 0.5 g/L xanthan gum solution also shows similar results as the Newtonian fluid where 

maximum 𝐺  was observed with a conductivity of 67 µS/cm. We also successfully 

demonstrated on-demand droplet generation of non-Newtonian fluid using AC electric 

field on a pressure controller. Results obtained were consistent with earlier trends 

where the 67 µS/cm 0.5 g/L xanthan gum solution generated a larger droplet than the 

3,200 µS/cm counterpart. We conclude that our hypothesis is suitable for the prediction 

of the size of both Newtonian and non-Newtonian droplets. 
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5.8 Appendix A 

 Extra Figures 

 

  

 

Supp Figure A: Critical dimensions of device used in calculations for the electrical 

system.  
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6.1 Abstract 

We introduce a unique system to achieve on-demand droplet merging and 

splitting using a perpendicular AC electric field. The working mechanism involves a 

micropillar to split droplets, followed by electrocoalescence using an AC electric field. 

Adjusting the parameters of the AC signal and conductivity of the fluid result in different 

merging regimes. We observed a minimum threshold voltage and a strong influence of 

the surfactant. We hypothesize that the merging process is caused by dipole-dipole 

coalescence between the daughter droplets. At the same time, adjustment of the 

conductivity reveals a shift in the merging regimes and can be explained with an electric 

circuit diagram. Size-based sorting using this merging phenomenon is subsequently 

demonstrated, where alternate, single, double and triple droplets sorting were achieved. 

The concept presented in this paper is potentially useful for drug dispensing or multi-

volume digital polymerase chain reaction, as droplets of multiple sizes can be generated 

simultaneously. 

6.2 Introduction 

Droplet coalescence is a process where two or more droplets come together to 

form a single larger droplet.2 Being one of the manipulation tasks in droplet-based 

microfluidics, it is useful for mixing controlled amounts of different fluids in a 

contaminant-free environment. Controlled coalescence and dispensing of droplets have 

a broad range of applications such as protein engineering3, drug screening4 and oil 

refining.5 Droplet coalescence has been widely studied6-8 and is achievable using either 

passive or active methods. Passive methods utilize fixed structures such as pillar 

microarrays9 or expansion channels10 to manipulate the flow characteristics of the 

droplets7. Active methods involve external energy sources to disrupt the film bridge or 
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mechanically speed up the draining process of the film between the droplets.11 Active 

methods provide additional benefits such as selectivity and on-demand capabilities, 

correspondingly saving experimental resources. Some examples of these are 

pneumatic,12 acoustic13 and electric field.14,15 Droplet handling using electric fields is one 

of the most commonly used methods as its influence and positioning within a device is 

highly adjustable.  It also does not cause any biocompatibility issues when used within 

an appropriate range or affect the droplet medium itself. 

Utilizing electric fields in droplet merging, also known as electrocoalescence, 

have been comprehensively studied. 16,17 If the droplets are charged in a uniform field, 

droplets move towards each other due to electrophoresis induced by the electric field 

and the double layer around the droplet.17-20 In the presence of an electric field, 

coalescence subsequently occurs through destabilization of the droplet-droplet 

interface.11 In the presence of a uniform electric field, neutral droplets undergo 

deformation.21 The droplet is accordingly stretched in the same direction as the electric 

field due to the induced electric Maxwell stresses on the surface,22 with Taylor cones 

formed under high electric field strength.23 If the droplets flow in parallel to the uniform 

field, an attractive force results from the dipole-dipole interaction.24 This force brings the 

droplets closer, increasing in strength as the distance between the droplets decreases.15 

Subsequently, film thinning occurs where the rate of thinning can be tuned by the 

applied electric field.25 In a non-uniform electric field, coalescence may take place 

through dielectrophoresis.26 Surfactants are also commonly used during experiments to 

prevent unexpected merging of droplets. The activation of the electric field would cause 

these surfactant molecules to redistribute and realign under electric field.27,28 
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The influence of the electric field on the droplets is highly complex, thus 

electrocoalescence studies were usually carried out under multiple constrains. Most 

studies are based on an electric field parallel to the flow direction of droplets,15,29-31 

whereas others require the assumption that the droplets are spherical outside the 

electric field. Another limitation is that droplets also need to be approximately close to 

each other, leading to a need for synchronization of droplets in the merging chamber.15 

Accordingly, these limitations require an ideal setup for electrocoalescence, however 

this is unrealistic as not all droplets flow along the same direction as the electric field, 

nor are they always spherical. Because of these limitations, a knowledge gap still remains 

for understanding droplet merging in microfluidics. The present paper introduces a 

coalescence concept with an AC electric field that is perpendicular to the flow direction 

of the two daughter droplets. We made use of a 30 m micropillar placed in the middle 

of a microchannel to prepare the daughter droplets, Figure 6.1. In previous works, 

micropillars were used to slow down the droplets.12,30 However, the pillar in our device 

acts as an obstacle to split the droplet, such that the two daughter droplets are 

positioned alongside of each other32,33. This arrangement accordingly allows for 

positioning of the daughter droplets parallel to the electric field, without affecting their 

flow direction. It also effectively eliminates the need for synchronization required in all 

other works reported to date in the literature. Activating an AC electric field 

perpendicular to the flow joins the two daughter droplets. Varying the applied voltage 

𝑉  , the frequency 𝑓  and the conductivity of the dispersed phase 𝑘  leads to three 

merging regimes: breakup, merging after pillar and merging at pillar. With insights into 

the well-controlled merging regimes, we subsequently demonstrated size-based sorting 

using an expansion channel. Size-based sorting eliminates the need for subsequent 

manual sorting of droplets during analysis.34 It also enables more efficient analysis for 
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concentration varying experiments.35 We envisage that this system would have potential 

applications in droplet dispensing and controlled generation of multi-volume droplets. 

6.3 Materials and Methods 

A microfluidic device made of polydimethylsiloxane (PDMS) with a flow focusing 

configuration was developed as given in Figure 6.1a. The device was fabricated using 

standard photo and soft lithography methods.36 The unique device consists of a 30 µm 

 

Figure 6.1. On-demand droplet merging and splitting: (a) Schematic diagram of 

experimental setup illustrating droplet merging upon activation of AC electric field 

generated across the microchannel by electrodes (inset). (b) Dimensions used for the 

electric circuit model. (c) Captured images of the oil film between the daughter 

droplets. Scale bars depict 50 µm. 
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round PDMS pillar positioned in the middle of a 140 µm wide main fluidic channel to 

break up passing droplets, Figure 6.1b. This pillar is also placed between two electrodes 

that generate the electric field for droplet merging. These electrodes are fabricated 

using the same mold as the fluidic channel to eliminate the need for precise alignment 

of microchannels and electrodes.37,38 Both the electrodes and microchannels have the 

same height of 29 µm. 

A schematic diagram of the experimental setup is given in Figure 6.1a. A syringe 

pump (neMESYS, Centoni GmbH) delivered the fluids into the device with the flow rates 

controlled from the computer. Across the main microchannel, one electrode (red) was 

connected to a function generator (33210A, Keysight Technologies) through a voltage 

amplifier (Model 623B, Trek Inc). The other electrode (black) was connected to ground. 

An oscilloscope (TBS1102B, Tektronix) displayed and recorded the values for the applied 

AC voltage 𝑉  and its frequency 𝑓. The device was placed on an inverted microscope 

(Eclipse Ti, Nikon Instruments), and videos were recorded using a high-speed camera 

(Phantom Miro3, Vision Research) connected to the same computer. 

The continuous phase used was mineral oil (M5904 with 1 wt % SPAN80, Sigma 

Aldrich). The dispersed phase used was a series of salt solutions of a different 

conductivities 𝑘. This was obtained by adding sodium chloride (NaCl, Chem-Supply Pty 

Ltd) to deionised (DI) water. The interfacial tension between the fluids was measured as 

5.5 mN/m (Sinterface, PAT1). The dynamic viscosity of the oil and salt solutions were 

23.8 mPa.s and 1 mPa.s, resepectively.39 Throughout the experiments, the standard flow 

rates were 𝑄 = 500 µl/h for the continuous phase and 𝑄 = 160 µl/h for the 

dispersed phase unless otherwise mentioned. At these flow rates, the average droplet 

area was measured as 23,000 µm2.  
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6.4 Results and Discussion 

Experiments were carried out to investigate the effect of the AC frequency 𝑓 and 

the magnitude 𝑉  of the applied voltage. Preliminary experiments were done to 

observe if merging would occur in small and large droplets. The results are provided in 

Supporting Information S1, showing that droplets were successfully merged at all sizes. 

Subsequently, we focus on the generation of larger droplets and tuned the frequency 𝑓 

from 1 kHz to 90 kHz and the applied voltage 𝑉  from 10 𝑉  to 180 𝑉 , Figure 

 

Figure 6.2. Merging regimes: (a) Operation map for a solution of 0.76 µS/cm showing 

different stages of droplet merging with lines depicting the boundaries. (b) 

Representative images of the different merging regimes. Merged droplet insets show 

the first frame upon merging. Scale bars represent 100 µm. 
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6.2a. The videos were captured at 1,200 frames/sec. Figure 6.2b shows the 

representative images of the merging regimes observed in our experiments. Before 

activating the electric field, the droplets remain separated as shown in the “No AC Field” 

inset of Figure 6.2b. At low frequency and voltage, no merging was observed, as 

represented by the triangles in Figure 6.2a and the “Breakup” inset. As the voltage 

gradually increased, the first instance of merging was observed, Figure 6.2a. This 

transition line between “Breakup” and “Merge after Pillar” is where inconsistent 

merging (“Inconsistent Merging” inset) was observed and labelled by the circle markers. 

The inset in Figure 6.2b shows two different instances of without merging (left inset) 

and with merging (right inset). Increasing the voltage past this point led to consistent 

merging (“Merge after Pillar” inset) as depicted by the square markers. The merging 

phenomenon happens after the droplet exits the pillar. As the applied voltage further 

increased, another inconsistent regime was observed, where occasionally merging 

happened right at the pillar (“Inconsistent Merging at Pillar” inset). This regime is 

depicted with inverted triangle markers, where the droplet merged even before fully 

exiting the pillar (right inset). With increasing frequency, we observed that all droplets 

merged at the pillar (“Merge at Pillar” inset), labelled as diamond markers. Supporting 

Information S2 provides representative videos of the different regimes. 

According to recorded videos, each droplet was observed to traverse pass the 

electrode region for a duration of 25 milliseconds for the given fixed flow rates. The 

droplet enters the electrode region for approximately 10 milliseconds before 

encountering the micropillar. The droplet subsequently takes approximately 5 

milliseconds to completely pass through the pillar and another 10 milliseconds to fully 

exit the electrode region. The charge relaxation times for the series of conductivities 
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used are in the range of 𝜏 = 10 ~10  seconds according to the equation 𝜏 = 𝜀 𝜀 𝑘⁄ . 

Charge relaxation time is defined as the time taken for the distribution of charge within 

a medium to reach an equilibrium.40 The AC signal is introduced using a sine wave with 

frequencies from 1 kHz to 100 kHz, corresponding to a period of 10 ~10  seconds, 

much larger than the charge relaxation time. Thus, the fluids used in our experiments 

are able to distribute the charges faster than the excitation frequency of the field. 

Concurrently, the charges are able to redistribute during the splitting of the droplet such 

that the daughter droplets remain neutral. This timescale analysis effectively rules out 

electrophoresis as the contributing factor for this merging phenomenon as the droplets 

are not charged. The field-induced dynamic instability described by Priest et. al.41 is also 

not applicable for our experiment as their droplets are observed to be charged according 

to the above timescale analysis. 

Another mechanism that could explain the merging phenomenon is 

dielectrophoresis11. However this phenomenon involves a non-uniform electric field, 

where the droplet would shift towards the region of maximum field gradient. 17 This is 

more commonly used as an actuation mechanism for on-demand droplet sorting .42,43 In 

our experiment, we used a uniform electric field instead with the use of the 750 µm long 

electrodes parallel to the main fluidic microchannel. Influences of the PDMS micropillar 

on the electric field are also negligible as observed in the experiment videos. Therefore, 

it is logical to eliminate this option, leaving the last mechanism of dipole-dipole 

coalescence. 

We previously stated that the droplets remain uncharged even after splitting. 

Also, after splitting and exiting the pillar, the droplets were still within the uniform 

electric field for at least 10 milliseconds. This is observed by recording the frame where 
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the droplets exit the parallel electrode region. During this period, the surface charge of 

both droplets is constantly modulated by the AC signal, because the charge relaxation 

time of the droplets is faster than the AC voltage. Accordingly, this results in two 

different mechanisms for coalescence. Firstly, the induced Maxwell stresses upon each 

droplet surface results in a deformation of the droplet shape. This deformation 

subsequently squeezes the thin film of oil which speeds up the coalescence. 

Nevertheless, Figure 6.1c reveals that the width of the oil film is relatively small, 

reducing the potential effect of the squeezing phenomenon. A second phenomenon for 

coalescence that has a greater influence is the polarization of the surface charge of each 

daughter droplet. With the increasing electric field strength 𝐸 = 𝑉 𝑑⁄  where 𝑑 is the 

channel width, we observed that the merging phenomenon also increases in intensity 

with “Merging After Pillar” transiting to “Merging At Pillar”. 

The regime map in Figure 6.2a reveals a minimum threshold voltage required for 

merging. The threshold is indicated as the line between “Breakup” and “Merge After 

Pillar”. This voltage level was observed to slightly increase with increasing frequency 𝑓. 

First, we attribute this to the surfactant in the continuous phase. Initial experiments 

carried out without SPAN80 showed droplet merging even without the AC field. The 

same observation was reported by Niu et. al.30 for higher electric field strength and 

higher concentrations of SPAN80 in hexadecane. The concentration of SPAN80 used in 

our experiments was kept near the critical micelle concentration (CMC) level44 for stable 

droplet formation during splitting of the droplets. The surfactant molecules therefore 

attach to the droplet surface, while concurrently forming reverse micelles.45 Under the 

electric field, these molecules realign and redistribute themselves resulting in merging. 
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Figure 6.3. Regime maps for different conductivities (a) 10 µS/cm (b) 101 µS/cm (c) 

997 µS/cm and (d) 10,200 µS/cm showing consistent transition voltage for start of 

merging. Regimes for consistent and inconsistent merging at pillar however are 

observed to shift away from observed frequency and voltage range at higher 

conductivities.  
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This phenomenon has been previously reported27,28 and is therefore outside the scope 

of this paper. 

We repeat the same experiment with a series of salt solutions as the dispersed 

phase, where 𝑘 =  10 µS/cm, 101 µS/cm, 997 µS/cm and 10,200 µS/cm. Figure 6.3 

shows the regimes obtained for each conductivity. The threshold voltage remained the 

same throughout the different conductivities. This further confirms our earlier 

hypothesis that the field mainly affects the surfactant in the continuous phase. It is also 

due to the presence of the surfactant that increases the interfacial tension between the 

fluids, resulting in the stable formation of split droplets without AC electric field 

actuation. Furthermore, as the conductivity increased, the inverted triangle and 

diamond markers shift to the top right corner of the voltage-frequency space. Merging 

at pillar regime subsequently occurred at a conductivity of 10,200 µS/cm, indicating that 

the intensity of the electric field was greatly reduced. This intensity is correlated with 

the voltage across the daughter droplets, which can be theoretically estimated with an 

electric circuit diagram shown in Figure 6.4. Further details of each electrical component 

are given in the corresponding schematic diagram. The ratio between the voltage across 

each daughter droplet and the excitation voltage is given as 

𝑉

𝑉
= 2 +

2

𝐴𝐶
+

2

𝐴𝐶
+

1

𝐴𝐶
 

where 𝑉  is the voltage across the daughter droplets, 𝐴 = 𝑗𝜔𝑍 , with 𝑗 = −1, 

𝜔 = 2𝜋𝑓 and  𝑍  is the impedance of the droplet given by 𝑍 = . Here, 𝐿  refers 

to the droplet length, 𝑊  is the average width of the daughter droplet and 𝐻 the height 

of the channel. 𝐶  is the capacitance of the PDMS wall, where 𝐶 =

𝜀 𝜀 ( ), 𝜀  refers to the vacuum permittivity of 8.85x10-12 F/m, 𝜀  the 

(1) 
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relative permittivity of 2.5 for PDMS, 𝐿 the length of the electrode, 𝑊  the width of 

the PDMS wall of 23 µm. 𝐶  is the capacitance of the continuous phase near the wall 

with 𝐶 = 𝜀 𝜀 ( ) ,  𝜀  the relative permittivity of 2.5 for the continuous 

phase46 and 𝑊  the width of the oil film experimentally measured to be approximately 

4 µm. The different dimensions are given in Figure 6.1b. Lastly, 𝐶  is the capacitance 

of the thin film of oil that separates the two daughter droplets, where  𝐶 =

𝜀 𝜀 ( ), and 𝑊  is experimentally measured to be approximately 1 µm. For 

the calculation of the electric circuit, we provide a broad approximation where each 

daughter droplet is a rectangular cuboid of volume 𝐿 × 𝑊 × 𝐻. Using this equation, 

we plot  against 𝑓 as given in Figure 6.4a. 

Figure 6.4a shows that the voltage across the droplet 𝑉  was higher at a lower 

conductivity. This trend agrees with experimental data of Figure 6.3, where the “Merge 

at Pillar” regime was observed only at a lower conductivity. Similarly, the voltage across 

the droplet also results in shifting of the “Inconsistent Merging at Pillar” regime, which 

gradually disappears at 10,200 µS/cm. Although the higher conductivities result in a 

lower 𝑉 , merging after the pillar was still observed as the overall electric field applied 

on the system still satisfies the minimum threshold voltage. 

Finally, we demonstrated the proof-of-concept for on-demand size-based sorting 

of droplets using an expansion channel. Size-based sorting was previously demonstrated 

to separate droplets according to their contents35 or removal of by-products for the 

generation of monodispersed droplets.47 This approach reduces the need for further 

identification of droplets, eliminating human error and increasing accuracy. We 

modified the device design to include a second oil inlet to adjust spacing between 
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droplets and the expansion channel after the electrodes, Figure 6.5a. The addition of 

the second oil inlet increased the distance between droplets, allowing well controlled 

droplet merging throughout the experiment. The additional inlet causes asymmetric 

breakup of the droplets. The expansion channel separates droplets according to their 

sizes due to the shear-gradient lift force and wall-effect lift force.35 Smaller droplets 

travel along the side of the walls along an equilibrium line arising due to lower wall-

effect lift forces and exit through the waste outlets.1 Larger droplets remain in the 

middle stream along the middle equilibrium line due to the larger inertial forces and 

subsequently collected through the middle outlet. If the AC electric field is turned off, 

 

Figure 6.4. Electric circuit of the setup: (a) Theoretical evaluation of V V⁄  against 

𝑓 across a series of dispersed phase conductivities based on Equation 1. (b) Electric 

circuit diagram derived from different electrical components as taken from cross 

section schematic inset. 
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small asymmetric droplets flow into the OFF outlets. With the AC field switched on, 

merged large droplets are accordingly collected from the middle ON outlet. 

The sorting phenomenon observed here can be explained by inertial microfluidic 

principles.1 For the larger droplets, forward inertial forces dominate with reduced shear-

gradient lift forces. This is because the shear gradient approaches zero at the centre 

streamline within the parabolic velocity profile.48  Smaller droplets with less mass 

experience weaker forward inertial forces, making it more susceptible to the shear-

gradient and wall-effect lift forces. Previous studies by Ho et al.49 and Matas et al.50also 

revealed that wall forces are larger at locations nearer to the channel walls. The inertial 

scaling forces in this region are also given as 𝐹𝐿 = 𝜌𝑉𝑚
2 𝑑

2
𝜅2[4𝐺1(𝑠)] where 𝐹  is the lift 

force, 𝜌  is the density of the continuous phase, 𝑉  is the mean flow rate, 𝑑  is the 

diameter of the droplet, 𝜅 is a ratio of 𝑑 and channel width, and 𝐺  is a function that is 

proportional to the distance from the centre streamline 𝑠. At the centre streamline, 

𝐺 (𝑠) = 0. By balancing the forces acting upon the droplet, an equilibrium position 

based on the size of the droplet is obtained. This is thus the second equilibrium line 

observed along the wall. 

In this experiment, mineral oil with 1wt% SPAN80 was introduced into both oil 

inlets at 500 µL/hr and 2000 µL/hr. DI water with a conductivity of 0.67 µS/cm was used 

for the dispersed phase at a flow rate of 160 µL/hr to form droplets with sizes similar to 

the earlier experiments. Droplet frequency at the pillar was recorded to be 

approximately 28 droplets/second. The base AC signal used throughout the experiments 

is a sine wave at 10 kHz and 156 VRMS (root-mean-square voltage). Applying a 14 Hz 

amplitude modulation on the AC signal resulted in alternate droplet merging. The 

merged droplets were successfully separated from the unmerged droplets, Figure 6.5b. 
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We repeated the experiment with periodic bursts of the same sine waves in durations 

of 36, 72 and 107 milliseconds to achieve single, double and triple droplet generation, 

Figure 6.5c-e. The different configurations allow for accurate droplet dispensing, where 

users can control the volume of the dispersed phase according to the number of merged 

droplets. The merged droplets accordingly move out from the middle outlet. Users can 

subsequently introduce the next stage such as detection, reaction or drug dispensing48,49. 

Representative videos of the droplet sorting are given in Supporting Information S3. 

As observed earlier, our system can effectively generate droplets of different 

volumes on demand. This multi-volume generation capability can be used for multi-

volume digital polymerase chain reaction (MV-dPCR).50,51 MV-dPCR is a technique used 

for amplifying specific DNA sequences, where different volumes of samples are 

processed and analyzed simultaneously. The advantages of MV-dPCR are higher 

detection reproducibility and a wider dynamic range across different concentrations of 

samples equivalent to serial dilution measurements.52 By introducing the PCR mix and 

DNA template as the dispersed phase, individual PCR microreactors are formed. Splitting 

and coalescence of these microreactor droplets at the pillar can also be performed. This 

subsequently can be sorted passively with the use of the expansion channel. Without 

multiple parallel droplet generators, our device was able to dispense droplets of 

multiple volumes as demonstrated in Figure 6.5. Increasing the number of outlets in our 

device allows for sorting of 4 to 5 different droplet sizes, which can ultimately be used 

for such MV-dPCR analysis. Simultaneously, another potential application for this is in 

the dispensing of chemical reagents into droplets through the use of reagent loaded 

porous PDMS pillars.53 Through the activation of the electric field, droplets merging at 

the pillar enables the stored reagents within the pillar to come into contact with the 
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droplet. Diffusion of the chemicals into the droplets would then occur allowing 

controlled release of chemicals. 

 

Figure 6.5. On-demand size-based droplet sorting and generation: (a) Modified 

device with schematic of the expansion channel. An inset showing the forces 

influencing the path of the droplet flow is given.1 (b-e) On demand size-based droplet 

sorting where different electrical signals are applied to produce alternate, single, 

double and triple droplets. Red arrows show the flow path of separated droplets 

when AC electric field is OFF. Blue arrows show the path of merged droplets when 

AC electric field is ON. Scale bars depicts 200 µm. 
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6.5 Conclusion 

We successfully demonstrated on-demand droplet splitting and merging using a 

perpendicular AC electric field. The concept employs a round micropillar placed in the 

middle of a microchannel, splitting the passing droplets. Electrodes placed across the 

pillar generates an AC electric field that induces polarization of the split daughter 

droplets. This process accordingly results in subsequent merging of the split daughter 

droplets due to dipole-dipole coalescence. The coalescence process depends on the 

magnitude and frequency of the AC electric field. Adjustment of the applied frequency 

𝑓  and magnitude of the AC voltage 𝑉   results in three different regimes with two 

transitional regimes. The threshold voltage across different frequency values indicate the 

significant role of surfactant in the continuous phase. Subsequent adjustment of the 

conductivity 𝑘 of the dispersed phase shows a shift in the “Merging At Pillar” regime. 

We hypothesize that the voltage across the split droplets affects the transition of the 

merging regime due to increasing polarization. The circuit model of the electric system 

reveals that the voltage across the daughter droplets 𝑉  is higher at lower conductivities, 

agreeing well with experimental data.  

We subsequently proceeded with size-based droplet sorting. An expansion 

microchannel separated unmerged droplets away from merged droplets that are 

collected from the middle outlet. We demonstrated the capabilities of alternate droplet 

merging and sorting as well as dispensing of single-droplet, double-droplet and triple-

droplet volumes using pulsed AC voltage. We envision that the device concept reported 

here is of great value for applications such as controlled chemical release, drug 

dispensing or multi-volume digital polymerase chain reaction (MV-dPCR). 
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6.8 Appendix A 

S6.1. Video of Different Merging Regimes Observed  

Representative videos of the different merging regimes observed using deionised 

water at 0.76 µS/cm conductivity. Videos were captured at 1200 frames per sec and 

played at 600 frames per sec, with flow rates, 𝑄 =500 µl/h for the continuous phase 

and 𝑄 =160 µl/h for the dispersed phase. At these flow rates, the measured average 

droplet area is 23,000 µm2. Still images are provided in Figure 6.2b. The electric fields 

used in each video are given accordingly below. 

Table S1: Electrical Signals Used in Representative Videos 

Video  VAPP Frequency 

Merge at Pillar 180 VRMS 70 kHz 

Inconsistent Merge at Pillar 180 VRMS 1 kHz 

Merge After Pillar 40 VRMS 70 kHz 

Inconsistent Merging 20 VRMS 70 kHz 

Breakup 10 VRMS 70 kHz 

S6.2 Video of Droplet Sorting 
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Videos of on-demand size-based droplet sorting using different electrical signals. 

Alternate, single, double and triple droplets sorting are demonstrated in these videos. 

Videos were captured at 500 frames per sec and played correspondingly at 112 frames 

per sec, with flow rates, 𝑄 =500 µl/h for the continuous phase, 𝑄 =160 µl/h for the 

dispersed phase and 𝑄 =2000 µl/h for the second oil phase. Still images are provided 

in Figure 6.2b. Electrical signals used are given in Table S2. 

 

Table S2: Electrical Signals Used in Droplet Sorting Experiments 

Video  VAPP Frequency Type of wave  

Alternate 156 VRMS 10 kHz Sine 14 Hz Amplitude Modulation 

Single 156 VRMS 10 kHz Pulsed Sine 36 msec Pulse Duration 

Double 156 VRMS 10 kHz Pulsed Sine 72 msec Pulse Duration 

Triple 156 VRMS 10 kHz Pulsed Sine 107 msec Pulse Duration 
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7. Conclusions and Perspectives 

 Microfluidics is the technology behind lab-on-chip devices, which has emerged 

as a game changer in the laboratory equipment industry. With advantages such as 

miniaturization and cost saving, microfluidic devices have become more visible in a 

broad range of applications. However, limitations still exist, preventing the rapid market 

penetration expected for microfluidic devices. One major drawback is the complex 

fabrication process that requires specialised skills and expensive equipment, inhibiting 

the large-scale and automated production of microfluidic devices. The other drawback 

is the large device footprint that inherently limits the number of assays that can be 

fabricated on a single chip. Although enhancements achieved with lab-on-a-chip 

systems are obvious compared to traditional laboratory practices, more has to be done 

to accelerate the progress of microfluidic technology.  

The research reported in this thesis has the overall aim of making microfluidics 

more affordable and accessible to end users. The detailed research aims mentioned in 

Chapter 1 are implemented in the subsequent chapters. Complex fabrication procedures 

with precise alignments and large device footprints were proposed and demonstrated. 

The relatively simple active control concepts are the main focus of the thesis. This thus 

incurs the need for space on the device for the associated control mechanisms. Active 

control schemes are highly advantageous due to their selectivity and ability of on-

demand activation. Chapter 2 provides an overview on the different types of active 

control schemes, which are implemented and investigated in the following chapters of 

the thesis. 

Chapter 3 reports the use of negative pressure at the device outlet to control the 

generation of droplets in a flow focusing junction. This novel concept allows users to 
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have on-demand droplet generation without the need for large space on the device. 

Fabrication procedures for this method are based on the standard photo- and soft 

lithography methods. First, this method allows multiplex arrays to be fabricated within 

a small device, due to the small size and simplicity of the design and the experimental 

setup. Second, this space saving method serves as a template providing users more 

flexibility to add their own mechanisms into the device, producing a unique device 

catering to their needs. The results demonstrate the possibilities of a large-scale droplet 

generation device with this method. Users are accordingly able to achieve specific 

droplet sizes across multiple devices with only the use of a single pressure controller 

with a single valve controlling a single outlet. Accordingly, the advantage of the 

minimalistic experimental setup will encourage its uptake in laboratories.  

Chapter 4 discusses the simple procedures required for fabricating interdigitated 

transducers for acoustofluidics. The novel fabrication procedure removes the need for 

expensive equipment and materials for making devices with electrodes and 

microchannels, consequently making them more accessible for end users. The 

fabrication process also eliminates the need for precise alignment between the fluidic 

and electrode channels, correspondingly increasing yield of devices. Users can in turn 

save resources, while achieving large-scale fabrication in a standard laboratory. With the 

clear advantage over traditional counterparts, we envisage a rapid uptake of this 

fabrication technique due to its simplicity.  

Chapter 5 demonstrates the on-demand generation of non-Newtonian droplets 

using an AC electric field in a T-junction geometry. Utilising the same fabrication 

procedures for the interdigitated transducers, electrodes were fabricated to generate 

the electric field at the T-junction. The advantages for users in terms of fabrication are 
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mentioned above. In addition, experiments with the fabricated devices bring new 

insights on AC electric field influences on non-Newtonian droplets. The device enables 

users to accurately tune the size of generated droplets by adjusting the conductivity of 

the fluid, the magnitude and the frequency of the applied voltage. Droplets of non- 

Newtonian fluids also follow the same trend as the viscoelastic property does not affect 

the formation process at the T-junction. Thus, users can tune the size of non-Newtonian 

droplets using the same set of parameters tested for Newtonian droplets. Without 

needing to calibrate their experimental systems using precious non-Newtonian samples, 

standard Newtonian droplets can be formed first, reducing experimental costs. 

Chapter 6 aims at combining different manipulation methods to form droplets 

of multiple sizes within a device. On-demand droplet merging and splitting are carried 

out using electrodes fabricated by the procedures reported in the earlier chapters. The 

advantages of this device concept is firstly the independence of coalescence from the 

conductivity of the dispersed phase as observed with the standardized minimum 

threshold voltage. Secondly, the generation of droplet size on demand allows multiple 

concentration-based experiments to be carried out simultaneously. As a result, we 

foresee that this method can be used for multi-volume digital polymerase chain reaction 

(MV-dPCR). We further envision that this system opens up the boundaries of 

electrocoalescence studies to include influences of non-parallel AC electric fields. 

In conclusion, the major research aims of this thesis have been successfully 

achieved. To draw an analogy to a toolbox, the research demonstrated here is similar to 

upgrading the tools provided in a toolbox. Through the process of upgrading, a broader 

user base would then be better equipped to achieve their experimental needs. 

Especially with current research activities being more driven by applications, existing 
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mechanisms and techniques have to be improved accordingly. The present thesis not 

only provides fundamental insights into the coupling between electric field, acoustic 

field and flow field, but also practical implementation procedures for low-cost and real-

life devices. The uptake of the techniques reported here in laboratories would 

encourage multidisciplinary collaborations and interdisciplinary studies. 


