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Abstract: Two-phase flow microfluidics is emerging as a popular technology for a wide 

range of applications involving high throughput such as encapsulation, chemical synthesis 

and biochemical assays. Within this platform, the formation and merging of droplets inside 

an immiscible carrier fluid are two key procedures: (i) the emulsification step should lead 

to a very well controlled drop size (distribution); and (ii) the use of droplet as micro-reactors 

requires a reliable merging. A novel trend within this field is the use of additional active 

means of control besides the commonly used hydrodynamic manipulation. Electric fields 

are especially suitable for this, due to quantitative control over the amplitude and time 

dependence of the signals, and the flexibility in designing micro-electrode geometries. 

With this, the formation and merging of droplets can be achieved on-demand and with high 

precision. In this review on two-phase flow microfluidics, particular emphasis is given on 

these aspects. Also recent innovations in microfabrication technologies used for this 

purpose will be discussed.  
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1. Introduction 

Nowadays, microfluidics can be found in numerous applications, such as emulsification, chemical 

synthesis, biomedical diagnostics and drug screening [1–4]. Compared to conventional techniques that 

use reaction vessels, test tubes or microtiter plates, microfluidic technology offers several unique 

advantages: (i) much less volume of sample or reagents is used, which is practical and reduces costs; 

(ii) the diagnostic results or the molecular products are obtained in a shorter time, because the high 

surface-to-volume ratios at the microscale lead to shorter heat and mass transfer times; 

(iii) miniaturization allows for an increase in parallelization and automation. For instance it offers a 

way of screening and systematic testing in the domain of drug discovery. 

In the initial development of microfluidics in the 1990s, mostly continuous flow systems were 

considered. These systems were more or less derived from macroscopic setups, with the principal aim 

to reduce reagent consumption. The desire to further downscale the amounts of reagents and to reduce 

the processing time have remained as a driving force ever since. However inherently, in the processing 

of single phase liquids in continuous flow, molecular reagents or products can become distributed over 

the entire liquid which fills the channel. This effect, known as Taylor-Aris dispersion [5] gives rise to 

lower concentrations, with possible adverse consequences for the efficiency of chemical reactions, or 

the detection of (molecular) species.  

As an alternative platform, droplet-based microfluidics has also been developed. In this approach, 

all molecular processes are confined to the volume of a single drop, allowing for even stronger 

reductions in reagent volume and reaction time. A second advantage of using droplets is that the 

contact with solid walls is eliminated. This strongly reduces problems due to adsorption of dissolved 

components to the channel walls, and increases the efficiency of chemical reactions. And thirdly, new 

functionalities can be implemented: simple Boolean logic functions can be performed in droplet 

microfluidic systems [6–8]. 

One of the commonly used platforms for droplet-based microfluidics is based on devices with 

closed microchannels. Discrete droplets are then produced in a continuously flowing immiscible 

liquid, and manipulated by downstream changes in the flow, either passively via e.g., bifurcations or 

constrictions, or actively using e.g., valves or electric fields. This platform, being a subset of two-phase 

flow (TPF) microfluidics, offers unique possibilities for producing droplets with sizes in the nanometer 

to micrometer range in a controlled and reproducible manner, also with a high throughput. The 

generated droplets can subsequently be used in several types of lab-on-a-chip applications, for example 

as microvessels for chemical or biochemical reactions, to be initiated by merging two droplets. 

Generally, droplet-based TPF is best suited to continuous processes like the production of emulsions  

or the encapsulation of a large number of biological targets [9–11].  

Effective utilization of the possibilities offered by the droplet-based TPF platform, also requires 

tuning the chemistry and physics of the device (and its operation) to that of the application. As a first 

example, surfactants play an important role. They reduce the interfacial tension between the dispersed 

and continuous phases, thereby facilitating surface deformation (as is needed during the formation of 

droplets), flow through constrictions or droplet splitting. Generally, surfactants also stabilize drops 

against coalescence. By residing at the interface of the two fluid phases with their hydrophilic heads in 

the aqueous phase and hydrophobic tails in the oil phase, surfactants can turn unstable emulsion 
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droplets into metastable colloids. A direct consequence of this stabilization is that it also becomes 

more difficult to let two such droplets merge when this is needed. 

A second example where chemistry enters the picture concerns the wettability of the inner surfaces 

of the microfluidic chip. In droplet-based TPF, the continuous phase should wet the channel surface 

favorably, whereas the dispersed phase should be disfavored by the channel walls. For instance, 

aqueous droplets suspended in oil need hydrophobic channels, whereas oil-in-water emulsions require 

hydrophilic channels. Hence the materials used for fabricating microchannels and surface modification 

technologies are quite important for producing and manipulating droplets. 

Physics comes into play when considering the formation of droplets, their flow behavior and when 

they need to be manipulated via external fields. The manipulation of droplets with high precision and 

flexibility is still an important issue. In particular the generation of droplets on demand or merging 

them at certain location still poses challenges in many cases. Different approaches for droplet 

formation, merging, splitting and sorting are currently explored by many research groups. Besides 

hydrodynamic manipulation, also electrical control is increasingly used in microfluidic devices, 

especially for generating and merging droplets. While this contribution of physics is not limited to 

channel flow geometries, but can also be found in planar geometries (so called digital microfluidics 

using embedded electrode patterns to actuate the drops), we will in the current review restrict ourselves 

to the former case. The latter case has been reviewed in [12–14]. 

This review is further organized as follows: First, we will briefly introduce the physical parameters 

which are considered in a fluidic system. Subsequently, we will review the state-of-the-art in droplet 

formation and droplet merging under both the hydrodynamic and electric control conditions. Finally, 

microfluidic device consideration for various applications will be discussed.  

2. Dimensionless Numbers 

In engineering, the behavior of liquids is often described in terms of dimensionless numbers which 

compare the importance of different physical properties. The Bond number Bo = ΔρgL
2
/σ, with Δρ the 

difference in mass density between the two fluids, g the gravity acceleration, L a characteristic length 

scale, and σ the interfacial tension, compares gravitational and surface forces [15]. In microfluidic 

applications, generally Bo << 1, this means that gravity effects can be ignored. The Reynolds number 

Re = ρνL/μ, where ρ is the mass density, μ the dynamic viscosity and ν the mean velocity of the fluid, 

compares inertial and viscous forces. Generally, in microfluidics Re < 1 [16]. A third quantity is the 

Weber number, which compares inertial forces to surface forces: We = ρν
2
L/σ. Also We < 1 in most 

applications at the microscale. From the definitions and typical magnitudes of Re and We, it follows 

that inertia generally becomes unimportant when the flow geometry is downscaled to dimensions in 

the micron range [10]. Exceptions include flows at very high speeds as they sometimes occur in flow 

focusing and co-flow devices [17], and the moment of the breakup of droplets. Otherwise the dominant 

forces at the microscale are interfacial forces and viscous forces.  

The relative strength of these two is represented by the (dimensionless) Capillary number Ca, 

expressed by Ca = μν/σ. Here μ is generally the viscosity of the most viscous fluid in the two-phase 

system, ν is the velocity of that phase, and σ is the interfacial tension as before. Inherently, the 

interfacial tension tends to reduce the interfacial area, which is crucial in the formation of droplets and 
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also for their subsequent stability. In many flow situations, viscous forces act to extend and stretch the 

interface [18]. At low Ca (<1) the interfacial tension dominates, and spherical droplets are found. In 

contrast, at high Ca (>>1) the viscous forces play an important role, leading to deformation of the 

droplets and sometimes to asymmetric shapes. In co-flowing liquid streams, high Ca numbers can 

induce a transition between different drop generation scenarios [19,20]. In some cases of high Ca, a 

completely different flow architecture, named stratified flow, can occur [21,22]. The latter is beyond 

the scope of this review. 

3. Droplet Formation 

Droplet formation can be considered as the first step in the microfluidic life cycle. Many different 

techniques have been developed to obtain fine control over the size (distributions) and shape of 

droplets [2]. Techniques for producing droplets can be either passive or active, the latter meaning that 

external fields are activated at the time and on-chip location where droplets need to be formed. Active 

methods will be considered in Section 3.3. The majority of techniques are passive and produce a 

continuous stream of evenly spaced drops [23]. In this scenario, the flow field causes the interface 

between the two fluids to deform, leading to a growth of interfacial instabilities. Besides a continuous 

mechanical pressure (by pressure controllers or hydrostatic heads) or displacement (by pumps), no 

external actuation or moving parts are used. Generally this allows production of droplet size 

distributions with standard deviations (i.e., polydispersity) as small as 1–3%. 

The two most common strategies are the use of T-junction and flow focusing geometries. In 

general, the fluid phase to be dispersed is brought into a microchannel by a pressure-driven flow, while 

the flow of the second immiscible carrier liquid is driven independently. These two phases meet at a 

junction, where the local flow field, determined by the geometry of the junction and the flow rates of 

the two fluids, deforms the interface. Eventually droplets pinch off from the dispersed phase finger by 

a free surface instability. The pinch-off of droplets is largely dictated by the competition between 

viscous shear stresses acting to deform the liquid interface and capillary pressure acting to resist the 

deformation, which is expressed by Ca. This number ranges between 10
−3

 and 10 in most microfluidic 

droplet formation devices. Quantitative predictions of the regimes of drop formation, and the drop size 

still pose a challenge, although significant progress has been made through analytical and numerical 

studies [24–27]. 

3.1. T-Junction Devices 

In a typical T-junction configuration, as depicted in Figure 1, the two phases flow through 

orthogonal channels and form droplets where they meet. This type of geometry was first demonstrated 

in 2001 by Thorsen et al. [28], who produced monodisperse droplets with pressure controlled laminar 

flow in microchannels. Since then many studies were performed using T-junction geometries, to 

achieve a better understanding of the droplet formation mechanism and the role of several physical 

parameters therein [25,29–35], as well as to develop various applications [36–42]. The size of the 

droplets depends on the flow rates of the two liquids [28], the dimensions of the channels [29], the 

relative viscosity between the two phases [43], and surfactants and their concentrations [44]. 
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Three main regimes can be distinguished for drop formation as the parameters are varied: dripping, 

squeezing and parallel flowing stream. In the dripping regime, droplet breakup occurs when the 

viscous shear stress overcomes the interfacial tension, analogous to the breakup of spherical droplets. 

If the capillary number is chosen large enough, the droplets are emitted before they can block the 

channel. Alternatively if the capillary number is low, the formed droplets will obstruct the channel and 

hence restrict the continuous phase. This causes a dramatic increase of the hydrodynamic pressure in 

the upstream part, which in turn induces the pinch-off of droplets. This is the so-called squeezing 

regime, which has been described by Garstecki et al. [29]. One theoretical study about the transition 

from squeezing to dripping based on the influence of Ca and viscosity ratio was reported by 

Menech et al. [45]. Also Lattice Boltzmann simulations have been performed to increase the 

understanding of drop formation at T-junctions. Van der Graaf et al. [24] obtained a scaling rule for 

the drop size. Gupta et al. [25] found that the transition from droplet formation to parallel flows is 

strongly dependent on the Ca of the continuous phase.  

Figure 1. Droplet formation in a T-junction. The dispersed phase and continuous phase 

meet in a T-shaped junction perpendicularly. (Wd: 50 μm; Wc: 100 μm). 

 

A slightly different geometry having similar features as the above explained T-junction geometry is 

the so-called head-on device (see Figure 2a). Shui et al. demonstrated droplet formation in such a 

device, where two liquids come from opposite directions of two straight channels and form droplets 

upon meeting [36,46,47]. Also a Y-shaped junction has also been studied, for example by 

Steegmans et al. [34,37]. As illustrated in Figure 2b, droplets can be formed in the dripping regime in 

such a Y junction geometry. The mentioned authors studied the mechanism of droplet formation and 

derived a general model predicting the droplet size. They also demonstrated that such a flat Y-junction 

can be used as a microfluidic tensiometer, i.e., a device that can measure dynamic interfacial tensions. 

For certain applications, a single T-junction is clearly not enough. To perform chemical reactions 

or to produce droplets with alternating compositions, more sophisticated designs have been 

realized: for example double T-junctions to produce droplet pairs [48–51]. One example is shown in 

Figure 3 [51]. The authors of this paper demonstrated a perfect ―one-to-one‖ droplet pair 

formation (self synchro-nization) with the use of additional connections in the upstream and 

downstream channels. 

For the mass production of emulsion droplets using microfluidic devices, large scale integration of 

droplet generators is a necessity. For the case of T-junctions, this has been explored for up to 

256 junctions in parallel [41,42]. The highest throughput was reported as 320 mL·h
−1

 in a 4 cm × 4 cm 

chip with 256 droplet formation units. Further developments along this line would be needed to 

achieve production at industrial scales, but the perspectives are already there. One of the challenges 
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that may have to be faced is to minimize detrimental cross-talk between the different droplet injectors. 

This could occur for example if the transient pressure variation associated with the creation of a 

droplet is transmitted to other droplet injectors and interferes with the droplet formation there. 

Figure 2. head-on devices (a) T-shaped junction, time sequence of droplet formation in the 

regime of squeezing. Reprinted from [47] with permission from University of Twente; 

(b) Y-shaped junction, time sequence of droplet formation in the dripping regime. 

Reprinted from [37] with permission from the American Chemical Society (ACS). 

 

Figure 3. Microfluidic chip with various passive droplet manipulation capabilities. The 

system includes a droplet-pair generator (double T-junction), a Y-junction for droplet 

fusion and a winding channel for further mixing. Reprinted from [51] with permission from 

the Royal Society of Chemistry (RSC). 

 

3.2. Flow Focusing Devices 

The flow focusing (FF) geometry was first proposed by Anna et al. [52] and Dreyfus et al. [53]. As 

demonstrated in Figure 4, it consists of three inlet channels converging into a main channel via a 

narrow orifice. The dispersed phase, contained in the middle channel, is squeezed by continuous phase 

flows from two opposing side channels. Both phases pass through the small orifice that is located 

downstream of the three channels. Finally, the stream of the dispersed phase becomes narrow and 

breaks into droplets. The droplet size is determined by the flow rates of the two phases and by the flow 

rate ratio [54,55], in addition to the channel geometries [56] and the viscosities of the two 

phases [57,58]. This multitude of influential parameters in principle offers a lot of control over drop 

formation, but it is also true that in the absence of adequate (i.e., quantitatively predicting) theoretical 

models, each new combination of geometry, speeds and viscosities may need to be explored and tuned, 
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in order to let the chip meet the demands (i.e., criteria for droplet size and formation rate). Many 

variations of the basic flow focusing device (FFD) geometry have recently been developed to improve 

the control over the size and size distribution of the droplets [26,59–61]. Since recently, these 

developments can be assisted by numerical (Lattice Boltzmann) simulations, which have seen their 

first application to flow-focusing [26] and cross-flow geometries [27]. 

Figure 4. Droplet formation in flow focusing device (FFD). The widths of the inlets of 

dispersed phase and continuous phase, as well as the orifice are indicated as Wd, Wc and 

Wo (Wd = Wc = 200 μm; Wo = 50 μm). The length of orifice is indicated as Lo (100 μm). 

 

Also so-called axisymmetric flow focusing designs have been presented (Figure 5). They allow the 

formation of monodisperse droplets with reduced size as compared to planar FFDs [59]. In these 

geometries, the dispersed phase is confined in the central axis of the microchannel, and pinches off by 

a combination of shear stresses and wetting upon contact with the inner surfaces of the channel. 

Figure 5. Axisymmetric flow focusing design: (a) planar view; (b) SEM image of the 

circular orifice; (c) water droplets formation at increasing oil flow rates and fixed water 

flow rate. Reprinted from [61] with permission from Royal Society of Chemistry (RSC). 

 

Four different droplet breakup regimes have been identified in planar FFDs: squeezing, dripping, 

jetting and thread formation (tip-streaming), shown in Figure 6. As mentioned, there are no general 

scaling laws that can predict the transitions between these regimes, and the same applies for the size 

and generation frequency of droplets. This is due to the large number of variable parameters. Recently, 

Funfschilling et al. concluded from velocity field measurements that the squeezing regime is governed 

by the build-up of a pressure difference, as a response to the partial and temporal blocking of the 
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orifice by the advancing finger [62]. Lee et al. stated that the squeezing and dripping regimes depend 

solely on the upstream geometry and the related flow field, while the thread formation mode depends 

only on the downstream channel and its associated flow field [56]. It is clear that unraveling the 

mechanisms of droplet break-up in FFDs still needs further investigation.  

Some aspects, namely the transition between dripping and jetting was studied in detail for the 

somewhat simpler geometry of co-flowing liquid jets [17,19,20]. Building on earlier work for liquid 

jets injected into an unconfined bath of another immiscible liquid [63,64], Guillot et al. performed a 

linear stability analysis of a liquid jet of the to-be-dispersed inner phase in a co-flowing stream of the 

outer fluid confined to a cylindrical capillary. They showed that the difference between dripping and 

jetting is primarily controlled by the Ca number of the outer phase fluid and be the radius of the inner 

jet (measured in units of the radius of the capillary). Small Ca and small radii correspond to absolutely 

unstable jets, i.e., any perturbation of the radius propagate towards the nozzle and induce drop 

generation there. This corresponds to the dripping regime. For large Ca and large radii, perturbations 

of the radius are advected by the flow downstream along the jet where they may eventually lead to 

the formation of drops. In this case, the jets are said to be convectively unstable. For jet radii close to 

the radius of the capillary, the confinement of the inner jet plays a key role in the suppression of the 

break-up. Utada et al. [17] demonstrated yet another mechanism of dripping to jetting transition: for 

moderate Ca (<O(1)) of the outer phase jetting can be induced by increasing the flow rate of the inner 

phase. In this case, the We number of the inner phase was shown to be the control parameter governing 

the transition. 

Figure 6. Different droplet breakup processes: (a) squeezing; (b) tip-streaming; (c) dripping, 

and (d) jetting. Reprinted from [56] with permission from the American Institute of 

Physics (AIP). 

 

Returning to applied aspects of drop generation, it was demonstrated that multiple FFDs could be 

combined in parallel in either linear [65,66] or circular circuits [41] in order to increase the droplet 

production rate. Li et al. demonstrated a quadruple droplet generator with a weak parametric coupling 

between the different parallel FFDs. By choosing different geometries for the individual FFDs, these 

authors were able to simultaneously produce several populations of droplets with distinct sizes, where 

each of the populations had a narrow size distribution (Figure 7). Also Hashimoto et al. [66] studied 
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the dynamic mechanism of droplet formation in parallel FFDs. They found a weak hydrodynamic 

coupling as well. 

Figure 7. Quadruple droplet generator: (a) same dimensions of the orifices from FFD-1 to 

FFD-4; (b) FFDs with different widths of the orifices. Reprinted from [65] with permission 

from Royal Society of Chemistry (RSC). 

 

3.3. Droplet Formation Assisted by Active Elements 

To increase the flexibility of FFDs, additional (active) elements have also been incorporated into 

devices. Several groups have applied electrical means to obtain more control over droplet formation in 

FFDs [67–70]. For example, Gu et al. integrated the functionality of electrowetting (EW) [68,69] by 

embedding insulator-covered electrodes underneath the channel. In this case the wetting angle between 

the oil/water interface with the channel wall can be tuned via the voltage applied over the insulator 

layer (see Figure 8). This is dictated by the so-called electrowetting number η = εε0U
2
/2dσ with εε0 the 

permittivity and d the thickness of the insulator layer, U the voltage and σ the oil/water interfacial 

tension [71]. Three different droplet formation regimes could be achieved using the combination of 

hydrostatic and electrical driving: dripping, tip-streaming and conical spray (see Figure 9). It is clear 

from these results that the additional electric control can provide an extension of the size range in 

which droplets can be produced: from tens of micrometers down to a few microns in the presence of an 

applied voltage. Also the rate of droplet generation could be raised to very high values using EW.  

The conical spray was found at high relative flow rates of the dispersed (i.e., water) phase and large 

electrowetting numbers (η > 1, corresponding to U ≈ 50 V). In this specific regime of electro-wetting, 

the droplets appear to repel each other due to finite electrostatic charges accumulated at their surfaces. 

Similar droplet spray patterns were observed by Kim et al. [67] and He et al. [70] who integrated an 

electrospray functionality into FFDs. In such devices, the droplet size can also be diminished by 

increasing the voltage. Yet for the formation of very fine droplets, one needs to be in the Taylor cone 

regime, which requires voltages above ≈1500 V. 

Also membrane valves have been introduced into FFDs to vary the width of the orifice [72–75]. 

Abate et al. demonstrated that the droplet size and formation frequency in the dripping regime can be 

controlled by such an adaptable orifice [75]. The approach based on (local) adjustment of the 

temperature has been reported: here use is made of the temperature dependence of the viscosity and 
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interfacial tension [76–78]. This method allowed independently controlling the droplet size and 

generation frequency.  

Additional means to actively control drop formation can be obtained by adding particles that 

respond to external fields into the to-be-dispersed phase. Examples of this approach, which we will not 

address in more detail here, include magnetic control of ferrofluid droplets [79], electric control of 

electrorheological droplets [80] and temperature control of certain types of nanofluids [81].  

Figure 8. FFD with electrowetting functionality. Droplets are formed in the area indicated 

by dashed lines. (a) Top view; (b) Side view. An ITO layer provides the electrode while a 

Teflon layer provides the insulator. Activating the electrode gives rise to enhanced contact 

between the water finger and the bottom wall, which facilitates the formation of a droplet. 

Reprinted from [68] with permission from the American Institute of Physics (AIP). 

 

Figure 9. Enhanced capabilities for aqueous droplet generation by using electrowetting. 

Tuning besides the water flow rate also the voltage, allows obtaining a variety of droplet 

sizes and generation rates (scale bar is 50 μm). Reprinted from [68] with permission from 

the American Institute of Physics (AIP). 

 

3.4. Droplet-on-Demand 

In a large majority of the existing continuous flow devices, droplets are produced incessantly; 

the flow can be switched on and off, and the conditions of droplet generation can be modified, 
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but the droplets will always appear in trains. In cases where this scenario is undesirable, and 

droplets need to become available one-by-one upon request, digital microfluidics applications [12,13] 

may come to mind first. However, continuous flow systems can also be adapted to deliver 

droplet-on-demand (DOD). Surprisingly, this possibility has hardly been explored, in spite of its strong 

potential for high throughput screening in microtiter technology or in the programmed coalescence of 

droplets (after a synchronized formation of droplet pairs). Especially the combination of on demand 

formation of droplets and a subsequent processing at high speed would make it interesting. 

One of the possibilities for on-demand droplet formation is the use of integrated microvalves [82,84,85]. 

For instance, Zeng et al. incorporated a pneumatic valve made of polydimethylosiloxane (PDMS) into 

microfluidic devices (Figure 10a). By intermittently switching the valve on/off, individual droplets can 

be produced on demand [82]. Also piezoelectric actuators have been used in DOD applications [86,87]. In 

such systems the droplet size and frequency can be set with high accuracy through a conversion of the 

piezo voltage into a mechanical displacement. Churski et al. reported a DOD system that used external 

electromagnetic valves interconnected with the chip for the scanning of reaction conditions [88].  

Alternatively, electric fields can also be used to produce droplets on demand. Malloggi et al. [83,89] 

used electrowetting as an active control mechanism to increase the wettability of the channel wall at 

the location of droplet formation. Combining pressure control over the two phases and electrical 

control over wetting, the size and/or generation rate of their droplets could be tuned within a certain 

range (Figure 10b). 

Figure 10. (a) On-demand formation of arrays of droplets with distinct composition by 

sequentially switching on/off microvalves. Reprinted from [82] with permission from the 

Royal Society of Chemistry; (b) Phase diagram for EW induced droplet formation. In the 

hatched area, droplets can be formed on demand. Reprinted from [83] with permission 

from IOP publishing. 

 

4. Droplet Merging 

Droplets can be used as independent microreactors for a number of chemical and biological 

applications, e.g., chemical synthesis, kinetics studies, the screening of biological contents and bio-medical 

diagnostics. The merging of two droplets is a key step in this approach since (in the large majority of 
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cases) this forms the trigger to start the chemical reaction(s). Practical prerequisites for merging are 

that the droplets (i) touch each other and (ii) overcome the stabilizing forces caused by surface tension 

and lubrication. Several designs have been used to bring droplets together [90–98]. To subsequently 

overcome the stabilizing forces, both the viscosity ratio of two-phase fluids [39], and the presence of 

surfactant at the interface [99–101] have to be considered. 

Surfactants are generally used to stabilize emulsion droplets against coalescence. These molecules 

generally consist of a compact polar head and a long-chain hydrophobic tail. Surfactants reduce the 

interfacial tension between two liquids by adsorbing at the liquid-liquid interface where they often 

align perpendicular to the surface. Stabilization of droplets can be realized in different ways: (i) via 

repulsion between the interfaces due to electrostatic and/or steric effects; (ii) by slowing down the 

hydrodynamic flow along the interface via Marangoni effects or via enhanced surface 

viscosity [102,103]. Basically, there are two main approaches, namely passive merging and active 

merging, to coalesce droplets. In the case of passive merging, droplets are normally not stabilized 

by surfactant. Then coalescence occurs spontaneously when the droplets meet; the occurrence of 

which can be organized with a suitably shaped channel geometry [91]. For droplets that are 

stabilized by surfactants, active merging is required. For this, thermocapillary effect [76,104] or 

electrocoalescence [105–110] can be used. 

4.1. Passive Merging 

In passive droplet merging, the design of the channel geometry is a key to achieve proper merging, 

since droplet synchronization is required and active means to compensate for any synchronization 

errors are missing. In principle merging can occur simply at a channel junction, if the generation and 

transport of each pair of droplets is such that both drops arrive there at the same time. However in 

practice this can be difficult to achieve, and therefore special designs of geometries are often used. 

One widely used geometry for droplet merging consists of a widening channel follow by a narrower 

channel (Figure 11) [90–93]. In this geometry the droplet velocity decreases in the widening channel 

because of drainage of the continuous phase, after which it increases again upon entry in the narrow 

channel. Due to this changing flow field, two subsequent droplets are allowed to come close together 

and let the liquid that separates them drain away. Bremond et al. observed that the merging does not 

occur during the first interdroplet encounter in the extended channel, but rather during the separation 

stage of two droplets when the first droplet begins to enter the narrow channel (Figure 11c) [93]. The 

separation induces the formation of two facing protrusions (Figure 11d) which then bring the two 

interfaces close enough until they merge. Later Lai et al. reported a theoretical study based on this 

observation [111]. The created protrusions lead to a rapid increase of the surface area locally, and thus 

to destabilize the interface at certain locations. The conditions under which droplet merging occurs, 

can be predicted on the basis of their model. Alternatively in other channel geometries, droplets are 

merged by slowing down or stopping the leading droplet at a constriction [97,98], or in a channel with 

an array of pillar elements [94,95]. 

It should be noted that typically no surfactant is used in these passive merging experiments. 

However, the absence of surfactant has its drawbacks: unintended merging events can occur, and also 

the possibilities for further manipulation of the droplets after the merging can be limited. By exception, 
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a case of passive merging of surfactant-covered droplets has also been reported. Mazutis et. al. 

demonstrated a channel design for merging droplets with significant asymmetry in size, both formed in 

the presence of surfactant [100]. However, undesired coalescence still occurred often. It is therefore 

often preferred to use surfactant stabilized drops and achieve merging with the help of external forces. 

Figure 11. Passive droplet merging realized by design of the channel geometry. (a) and (b) 

show the merging of two or more droplets. Reprinted from [91,92] with permission from 

Springer; (c) and (d) demonstrate last moment of droplet merging, called decompression 

merging. Reprinted from [93] with permission from the American Physical Society (APS). 

Note: the arrows indicate the traveling direction of the droplets. 

 

4.2. Active Merging 

To achieve active and selective droplet merging, the most widely utilized method is to ensure the 

presence of an electric field at the location where two droplets meet. Link et al. showed that droplets 

can be merged by applying voltages with opposite sign across the two droplets during their formation. 

This is supposed to result in oppositely charged surfaces, which will attract each other strongly as soon 

as the droplets reach close proximity [72]. Alternatively, Chabert et al. achieved merging of individual 

droplet pairs via electrocoalescence (EC) [112]. This appears to be a promising method, although the 

mechanistic aspects of EC still remain to be understood [105,109,113,114].  

The general picture of EC is sketched in Figure 12. Due to the electric field, the two droplets 

experience an electrical (Maxwell) stress σE that tends to deform their shape from spherical to prolate 

spheroid. This stress is then balanced by the interface tension and the viscous stresses due to the 

deformation rate [115]. For Newtonian fluids at low Reynolds and Bond numbers, this is described by: 

TPU 2  (2) 

with µ the viscosity, U the velocity, P the pressure and T the stress field in each phase of the 

two-phase fluid. Since the velocity is continuous across the interface, the total stress difference (electric 

plus viscous) between inside and outside the droplet is balanced by the interfacial tension: 

nnnTnTnT S

EN    (3) 
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where n is the unit normal vector at the interface, σ is the interfacial tension, nS  is the mean curvature 

of the interface, T
E
 is the Maxwell stress tensor (proportional to the square of the applied electric field) 

and T
N
 is the tensor of viscous forces [115]. Hence the field, the viscosities and the interfacial tension 

all play a role.  

Figure 12. Two approaching droplets in an electric field. (a) Deformation from a sphere to 

a prolate spheroid occurs due to the electrical stress; (b) Close up showing local surface 

charges of opposite sign. Black arrows indicate the electric field. Green arrows indicate 

how ambient oil is squeezed out. 

 

Priest et al. argued that EC involves an electric-field-induced dynamic instability of the oil/water 

interface, which subsequently leads to the formation of a liquid bridge and coalescence (Figure 13a) [105]. 

Thiam et al. analyzed the merging of droplets as a function of their separation distance (Figure 13b) [109], 

and also explained their observations in terms of a competition between electrical stress and restoring 

capillary pressure. Qualitatively speaking, it is clear that the electric field near the droplet surfaces can 

be amplified by dipole-dipole interactions between the droplets, and hence become stronger as the 

droplets get closer. It is conceivable that this will lead to destabilization of the surfaces [116]. 

Furthermore, also the surfactant molecules can be involved. In the case of surfactants with dipolar 

head-groups, a redistribution or re-alignment along the electric field lines can take place. Also this can 

destabilize the interface and lead to coalescence [117]. 

Figure 13. (a) Electrocoalescence of droplet pairs (electrodes are visible as shown black 

rectangles). Reprinted from [105] with permission from the American Institute of 

Physics (AIP); (b) EC as a function of interdroplet separation. Time sequences showing 

three different regimes: stable, partial merging and coalescence. Reprinted from [109] with 

permission from the American Physical Society (APS). 
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One of the first applications of EC in two-phase flow microfluidics was presented by Tan et al. [118]. 

Two droplets containing biological molecules were brought into an expanded channel and merged 

there, due to an electric field generated by an embedded electrode. Later, several variations based on 

this geometry were adopted to implement EC in microfluidic chips [72,109,112]. For each of these 

EC-based systems, droplet synchronization and precise electrode alignment are required. 

To overcome these limitations, Gu et al. used EW-induced on demand formation to obtain 

synchronization of two streams of produced droplets [119]. These two streams then meet at a 

T-junction where interdigitated electrodes are embedded (Figure 14a and b). Merging on demand can 

be achieved there based on EC. As illustrated in Figure 14c, Niu et al. depicted an alternative method, 

by combining a passive merging approach (a pillar array in the channel) with an active merging 

approach (built-in electrodes) [110]. In this scheme, the pillar array slows down and traps the droplet 

during the drainage of the oil phase. EC then occurs when droplets have reached close proximity. Also 

a double T-junction geometry with embedded electrodes has been reported in the context of 

active merging. In the system of Wang et. al., two series of droplets can be produced and merged at the 

same time [108].  

Figure 14. (a) and (b) Droplet merging on different orientations of the interdigitated 

electrodes. Reprinted from [119] with permission from the American Institute of 

Physics (AIP). (c) Droplet are stopped by pillar array and merged by EC. Reprinted 

from [110] with permission from American Chemical Society (ACS). 

 

Yet another method for the active merging of droplets is dielectrophoresis (DEP). A drawback of 

this method is that it requires rather high voltages, up to several kV [120–122]. Finally, thermo-capillary 

effects can also be cited as a mechanism to perform active merging of droplets [76,104,123,124]. 

Heating two adjacent droplets with a focused laser beam was reported to cause convective motions in 

the droplets, as well as depletion of surfactant molecules from the interface. Also this turned out to be 

effective for droplet merging. 

5. Microchannel Fabrication 

Microfabrication methods, which include film deposition, photolithography, isotropic or anisotropic 

etching steps and anionic bonding of a microchip, were initially achieved with silicon (Si) [125]. Later 

on glass substrates have also been used, while relying on similar fabrication procedures [126]. 

Nowadays the most commonly used microfluidic chips are made of polymers, in particular 
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poly-dimethylsiloxane (PDMS), owing to its low expense and rapid prototyping [127,128]. The 

procedure for fabricating such microchips is based on soft lithography, involving photolithography 

steps for producing a mold, followed by casting of PDMS replicas from this mold, then bonding the 

PDMS slab to a glass slide to seal the microchannels [127,129]. Whereas initially molds were made 

from Si, later the ―negative photoresist‖ SU-8 became more popular due to its simplicity of production. 

SU-8 in fact stands for a series of commercial resists, each having a different viscosity. This allows to 

achieve a wide range of channel heights, from a few microns to several hundred microns in one 

step (more details in [130]). 

In the case of droplet formation in a microchip, controlling the wetting properties of the channel 

walls is essential. For instance, producing water droplets in oil phase requires hydrophobic channels, 

whereas producing oil droplets in water phase needs hydrophilic channels. Some strategies can be used 

to alter the wettability of the channel walls with regard to the required droplet formation. For glass or 

Si-based microchips, treatments such as silanization and siliconization, can be implemented to modify 

the hydrophilic surface into hydrophobic [47,131,132]. Oxygen plasma treatment can alter the 

naturally hydrophobic PDMS surface into hydrophilic temporarily [127]. If this is not sufficient to 

achieve the desired wetting properties, a permanent surface modification, such as acrylic acid polymer 

grafting [133] or sol-gel coating [134] can be used to make PDMS surface hydrophilic. Another 

motivation for surface modification of PDMS lies in its poor chemical compatibility, causing swelling 

and deformation in the presence of strong organic solvents. Polymer grafting methods, using acrylic 

acid or poly(ethylene glycol) (PEG), are widely used to counteract this effect [133,135]. 

Achieving a reliable surface modification of PDMS is still a challenging task. An interesting 

alternative class of polymers is fluoropolymers, which exhibit excellent chemical compatibility, in 

addition to similar properties of PDMS (transparency, flexibility and conformability) [136,137]. 

However, the bonding of fluoropolymer and substrate is quite weak, which limits applications under 

high working pressures. Also this kind of device cannot be used at high temperature [138]. 

Another issue of PDMS is its low elastic modulus, which limits the production of microchannels 

with low aspect ratio or very small dimensions. Currently there is much attention on developing a rapid 

prototyping technique using ultraviolet (UV) curable polymers [69,139–144]. Gu et al. demonstrated 

the fabrication of a hybrid microchip based on the UV curable material of Norland Optical  

Adhesive (NOA), followed by a silanization treatment of inner surface. The fabrication process is 

demonstrated in Figure 15. The channel structure is made of NOA 81; the bottom and top substrates 

are Teflon AF-coated ITO glass slides. NOA 81 exhibits excellent adhesion on different materials, 

such as glass, metal, even Teflon AF with known strong chemical inertness. Such NOA-based 

microchips reveal greater chemical compatibility and higher elastic modulus than PDMS. Thus NOA-

based microchips can be used in various organic solvent environments. It also presents alternative way 

to implement electric components into microfluidic device. 

Hot embossing technique is an alternative soft lithographic method for fabrication of microchips 

using thermoplastic polymers. The number of available thermoplastic materials has strongly increased 

in the last few years [145–148]. Tsao et al. reviewed the bonding of thermoplastic polymer to 

substrates [149]. Moreover, this class of polymers is suitable for device fabrication on a large scale. 
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Figure 15. Fabrication process of NOA 81-based microfluidic device. (a)–(d) Imprinting 

NOA 81 as channel structure on a Teflon AF-coated ITO glass slide; (e)–(g) Coating 

Teflon AF on the top substrate with drilled holes for inlet and outlet connections;  

(h) Bonding both bottom and top parts under UV exposure; (i) Silanization treatment to 

modify inner surface hydrophobic. Reprinted from [69] with permission from Royal 

Society of Chemistry (RSC). 

 

6. Conclusions 

In conclusion, we have reviewed recent progress in the field of droplet-based two-phase flow 

microfluidics regarding two fundamental droplet manipulation processes: formation and merging. The 

formation and merging of droplets, being the two key steps of many operations, have been optimized 

for a large variety of applications, ranging from emulsification at controlled droplet size to the use of 

droplets as microreactors. Besides purely hydrodynamic manipulation electric signals transmitted via 

microelectrodes are also increasingly used to enhance control. With the latter, the formation and 

merging of droplets can be achieved on-demand and with high precision. Thus the hybrid 

microchips (microfluidic channel combined with extra components, for instance electrodes) have 

attracted many researchers to study and this trend is anticipated to continue in the years to come. In 

particular, the use of electrowetting in combination with patterned electrodes embedded into the 

channel walls is expected to enhance the flexibility of multifunctional microfluidic devices 
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substantially. Also innovative microfabrication technologies have undergone rapid development to 

optimize droplet manipulations in the last few years.  

Acknowledgements 

The authors acknowledge support from the MicroNed programme, part of the Decree on subsidies 

for investments in the knowledge infrastructure (Bsik) from Dutch government for financial support, 

as well as the research institutes IMPACT and MESA + at Twente University. 

References 

1. Stone, H.A.; Stroock, A.D.; Ajdari, A. Engineering flows in small devices: Microfluidics toward 

a lab-on-a-chip. Annu. Rev. Fluid Mech. 2004, 36, 381–411. 

2. Song, H.; Chen, D.L.; Ismagilov, R.F. Reactions in droplets in microflulidic channels. Angew. 

Chem. Int. Ed. Engl. 2006, 45, 7336–7356. 

3. Teh, S.Y.; Lin, R.; Hung, L.H.; Lee, A.P. Droplet microfluidics. Lab Chip 2008, 8, 198–220. 

4. Mark, D.; Haeberle, S.; Roth, G.; Von Stetten, F.; Zengerle, R. Microfluidic lab-on-a-chip 

platforms: requirements, characteristics and applications. Chem. Soc. Rev. 2010, 39, 1153–1182. 

5. Taylor, G. Dispersion of Soluble Matter in Solvent Flowing Slowly through a Tube. Proc. R. 

Soc. Lond. Ser. A 1953, 219, 186–203. 

6. Fuerstman, M.J.; Garstecki, P.; Whitesides, G.M. Coding/decoding and reversibility of droplet 

trains in microfluidic networks. Science 2007, 315, 828–832. 

7. Prakash, M.; Gershenfeld, N. Microfluidic bubble logic. Science 2007, 315, 832–835. 

8. Schindler, M.; Ajdari, A. Droplet traffic in microfluidic networks: A simple model for 

understanding and designing. Phys. Rev. Lett. 2008, 100, 044501:1–044501:4. 

9. Shui, L.; Pennathur, S.; Eijkel, J.C.T.; van den Berg, A. Multiphase flow in lab on chip devices: 

A real tool for the future. Lab Chip 2008, 8, 1010–1014. 

10. Baroud, C.N.; Gallaire, F.; Dangla, R. Dynamics of microfluidic droplets. Lab Chip 2010, 10, 

2032–2045. 

11. Theberge, A.B.; Courtois, F.; Schaerli, Y.; Fischlechner, M.; Abell, C.; Hollfelder, F.; Huck, W.T.S. 

Microdroplets in Microfluidics: An Evolving Platform for Discoveries in Chemistry and Biology. 

Angew. Chem. Int. Ed. 2010, 49, 5846–5868. 

12. Fair, R.B. Digital microfluidics: is a true lab-on-a-chip possible? Microfluid Nanofluid 2007, 

3, 245–281. 

13. Jebrail, M.; Wheeler, A. Let's get digital: digitizing chemical biology with microfluidics. Curr. 

Opin. Chem. Biol. 2010, 14, 574–581.  

14. Fair, R.B.; Khlystov, A.; Tailor, T.D.; Ivanov, V.; Evans, R.D.; Griffin, P.B.; Srinivasan, V.; 

Pamula, V.K.; Pollack, M.G.; Zhou, J. Chemical and biological applications of digital-microfluidic 

devices. IEEE Des. Test Comput. 2007, 24, 10–24. 

15. Shui, L.; Eijkel, J C.T.; van den Berg, A. Multiphase flow in microfluidic systems—Control and 

applications of droplets and interfaces. Adv. Colloid Interface 2007, 133, 35–49. 

16. Squires, T.M.; Quake, S.R. Microfluidics: Fluid physics at the nanoliter scale. Rev. Mod. Phys. 

2005, 77, 977–1026. 



Int. J. Mol. Sci. 2011, 12             

 

 

2590 

17. Utada, A.S.; Fernandez-Nieves, A.; Stone, H.A.; Weitz, D.A. Dripping to jetting transitions in 

coflowing liquid streams. Phys. Rev. Lett. 2007, 99, 094502:1–094502:4. 

18. Stone, H.A. Dynamics of Drop Deformation and Breakup in Viscous Fluids. Annu. Rev. Fluid 

Mech. 1994, 26, 65–102. 

19. Guillot, P.; Colin, A.; Utada, A.S.; Ajdari, A. Stability of a jet in confined pressure-driven 

biphasic flows at low reynolds numbers. Phys. Rev. Lett. 2007, 99, 104502:1–104502:4. 

20. Guillot, P.; Colin, A.; Ajdari, A. Stability of a jet in confined pressure-driven biphasic flows at 

low Reynolds number in various geometries. Phys. Rev. E 2008, 78, 016307:1–016307:13. 

21. Thoroddsen, S.T.; Tan, Y.K. Free-surface entrainment into a rimming flow containing 

surfactants. Phys. Fluids 2004, 16, 13–16. 

22. Serizawa, A.; Feng, Z.P.; Kawara, Z. Two-phase flow in microchannels. Exp. Therm. Fluid Sci. 

2002, 26, 703–714. 

23. Christopher, G.F.; Anna, S.L. Microfluidic methods for generating continuous droplet streams. 

J. Phys. D Appl. Phys. 2007, 40, R319–R336. 

24. van der Graaf, S.; Nisisako, T.; Schroen, C.G.P.H.; van der Sman, R.G.M.; Boom, R.M. Lattice 

Boltzmann simulations of droplet formation in a T-shaped microchannel. Langmuir 2006, 

22, 4144–4152. 

25. Gupta, A.; Murshed, S.M.S.; Kumar, R. Droplet formation and stability of flows in a 

microfluidic T-junction. Appl. Phys. Lett. 2009, 94, 164107:1–164107:3. 

26. Dupin, M.M.; Halliday, I.; Care, C.M. Simulation of a microfluidic flow-focusing device. Phys. 

Rev. E 2006, 73, 055701:1–055701:4. 

27. Wu, L.; Tsutahara, M.; Kim, L.S.; Ha, M. Three-dimensional lattice Boltzmann simulations of 

droplet formation in a cross-junction microchannel. Int. J. Multiphase Flow 2008, 34, 852–864. 

28. Thorsen, T.; Roberts, R.W.; Arnold, F.H.; Quake, S.R. Dynamic pattern formation in a vesicle-

generating microfluidic device. Phys. Rev. Lett. 2001, 86, 4163–4166. 

29. Garstecki, P.; Fuerstman, M.J.; Stone, H.A.; Whitesides, G.M. Formation of droplets and bubbles 

in a microfluidic T-junction-scaling and mechanism of break-up. Lab Chip 2006, 6, 693–693. 

30. Christopher, G.F.; Noharuddin, N.N.; Taylor, J.A.; Anna, S.L. Experimental observations of 

the squeezing-to-dripping transition in T-shaped microfluidic junctions. Phys. Rev. E 2008, 

78, 036317:1–036317:12. 

31. Jullien, M.C.; Ching, M.J.T.M.; Cohen, C.; Menetrier, L.; Tabeling, P. Droplet breakup in 

microfluidic T-junctions at small capillary numbers. Phys. Fluids 2009, 21, 072001:1–072001:6. 

32. Wang, K.; Lu, Y.C.; Tan, J.; Yang, B.D.; Luo, G.S. Generating gas/liquid/liquid three-phase 

microdispersed systems in double T-junctions microfluidic device. Microfluid Nanofluid 2010, 

8, 813–821. 

33. Abate, A.R.; Poitzsch, A.; Hwang, Y.; Lee, J.; Czerwinska, J.; Weitz, D.A. Impact of inlet 

channel geometry on microfluidic drop formation. Phys. Rev. E 2009, 80, 026310:1–026310:5. 

34. Steegmans, M.L.J.; Schroen, K.G.P.H.; Boom, R.M. Characterization of Emulsification at Flat 

Microchannel Y Junctions. Langmuir 2009, 25, 3396–3401. 

35. Malsch, D.; Gleichmann, N.; Kielpinski, M.; Mayer, G.; Henkel, T.; Mueller, D.; van Steijn, V.; 

Kleijn, C.R.; Kreutzer, M.T. Dynamics of droplet formation at T-shaped nozzles with elastic feed 

lines. Microfluid Nanofluid 2010, 8, 497–507. 



Int. J. Mol. Sci. 2011, 12             

 

 

2591 

36. Shui, L.L.; van den Berg, A.; Eijkel, J.C.T. Interfacial tension controlled W/O and O/W 2-phase 

flows in microchannel. Lab Chip 2009, 9, 795–801. 

37. Steegmans, M.L.J.; Warmerdam, A.; Schroen, K.G.P.H.; Boom, R.M. Dynamic Interfacial 

Tension Measurements with Microfluidic Y-Junctions. Langmuir 2009, 25, 9751–9758. 

38. Song, H.; Tice, J.D.; Ismagilov, R.F. A microfluidic system for controlling reaction networks in 

time. Angew. Chem. Int. Ed. 2003, 42, 768–772. 

39. Zheng, B.; Tice, J.D.; Ismagilov, R.F. Formation of droplets of in microfluidic channels 

alternating composition and applications to indexing of concentrations in droplet-based assays. 

Anal. Chem. 2004, 76, 4977–4982. 

40. Wang, K.L.; Jones, T.B.; Raisanen, A. DEP actuated nanoliter droplet dispensing using feedback 

control. Lab Chip 2009, 9, 901–909. 

41. Nisisako, T.; Torii, T. Microfluidic large-scale integration on a chip for mass production of 

monodisperse droplets and particles. Lab Chip 2008, 8, 287–293. 

42. Zeng, Y.; Novak, R.; Shuga, J.; Smith, M.T.; Mathies, R.A. High-Performance Single Cell 

Genetic Analysis Using Microfluidic Emulsion Generator Arrays. Anal. Chem. 2010, 82, 3183–3190. 

43. Tice, J.D.; Lyon, A.D.; Ismagilov, R.F. Effects of viscosity on droplet formation and mixing in 

microfluidic channels. Anal. Chim. Acta 2004, 507, 73–77. 

44. Baret, J.C.; Kleinschmidt, F.; El Harrak, A.; Griffiths, A.D. Kinetic Aspects of Emulsion 

Stabilization by Surfactants: A Microfluidic Analysis. Langmuir 2009, 25, 6088–6093. 

45. De Menech, M.; Garstecki, P.; Jousse, F.; Stone, H.A. Transition from squeezing to dripping in a 

microfluidic T-shaped junction. J. Fluid Mech. 2008, 595, 141–161. 

46. Shui, L.L.; Mugele, F.; van den Berg, A.; Eijkel, J.C.T. Geometry-controlled droplet generation 

in head-on microfluidic devices. Appl. Phys. Lett. 2008, 93, 153113:1–153113:3. 

47. Shui, L. Two-Phase Flow in Micro and Nanofluidic Devices; University of Twente: Enschede, 

The Nerthland, 2009. 

48. Hung, L.H.; Choi, K.M.; Tseng, W.Y.; Tan, Y.C.; Shea, K.J.; Lee, A.P. Alternating droplet 

generation and controlled dynamic droplet fusion in microfluidic device for CdS nanoparticle 

synthesis. Lab Chip 2006, 6, 174–178. 

49. Barbier, V.; Willaime, H.; Tabeling, P.; Jousse, F. Producing droplets in parallel microfluidic 

systems. Phys. Rev. E 2006, 74, 046306:1–046306:4. 

50. Frenz, L.; Blouwolff, J.; Griffiths, A.D.; Baret, J.C. Microfluidic Production of Droplet Pairs. 

Langmuir 2008, 24, 12073–12076. 

51. Hong, J.; Choi, M.; Edel, J.B.; deMello, A.J. Passive self-synchronized two-droplet generation. 

Lab Chip 2010, 10, 2702–2709. 

52. Anna, S.L.; Bontoux, N.; Stone, H.A. Formation of dispersions using "flow focusing" in 

microchannels. Appl. Phys. Lett. 2003, 82, 364–366. 

53. Dreyfus, R.; Tabeling, P.; Willaime, H. Ordered and disordered patterns in two-phase flows in 

microchannels. Phys. Rev. Lett. 2003, 90, 144505:1–144505:4. 

54. Ward, T.; Faivre, M.; Abkarian, M.; Stone, H.A. Microfluidic flow focusing: Drop size and 

scaling in pressure versus flow-rate-driven pumping. Electrophoresis 2005, 26, 3716–3724. 

55. Collins, J.; Lee, A.P. Control of serial microfluidic droplet size gradient by step-wise ramping of 

flow rates. Microfluid Nanofluid 2007, 3, 19–25. 



Int. J. Mol. Sci. 2011, 12             

 

 

2592 

56. Lee, W.; Walker, L.M.; Anna, S.L. Role of geometry and fluid properties in droplet and thread 

formation processes in planar flow focusing. Phys. Fluids 2009, 21, 032103:1–032103:14. 

57. Cubaud, T.; Mason, T.G. Capillary threads and viscous droplets in square microchannels. Phys. 

Fluids 2008, 20, 053302:1–053302:11. 

58. Nie, Z.H.; Seo, M.S.; Xu, S.Q.; Lewis, P.C.; Mok, M.; Kumacheva, E.; Whitesides, G.M.; 

Garstecki, P.; Stone, H.A. Emulsification in a microfluidic flow-focusing device: effect of the 

viscosities of the liquids. Microfluid Nanofluid 2008, 5, 585–594. 

59. Takeuchi, S.; Garstecki, P.; Weibel, D.B.; Whitesides, G.M. An axisymmetric flow-focusing 

microfluidic device. Adv. Mater. 2005, 17, 1067–1072. 

60. Huang, S.H.; Tan, W.H.; Tseng, F.G.; Takeuchi, S. A monolithically three-dimensional 

flow-focusing device for formation of single/double emulsions in closed/open microfluidic 

systems. J. Micromech. Microeng. 2006, 16, 2336–2344. 

61. Yobas, L.; Martens, S.; Ong, W.L.; Ranganathan, N. High-performance flow-focusing geometry 

for spontaneous generation of monodispersed droplets. Lab Chip 2006, 6, 1073–1079. 

62. Funfschilling, D.; Debas, H.; Li, H.Z.; Mason, T.G. Flow-field dynamics during droplet 

formation by dripping in hydrodynamic-focusing microfluidics. Phys. Rev. E 2009, 80, 

015301:1–015301:4. 

63. Vansaarloos, W. Front Propagation into Unstable States—Marginal Stability as a Dynamical 

Mechanism for Velocity Selection. Phys. Rev. A 1988, 37, 211–229. 

64. Vansaarloos, W. Front Propagation into Unstable States 2. Linear Versus Nonlinear Marginal 

Stability and Rate of Convergence. Phys. Rev. A 1989, 39, 6367–6390. 

65. Li, W.; Young, E.W.K.; Seo, M.; Nie, Z.; Garstecki, P.; Simmons, C.A.; Kumacheva, E. 

Simultaneous generation of droplets with different dimensions in parallel integrated microfluidic 

droplet generators. Soft Matter 2008, 4, 258–262. 

66. Hashimoto, M.; Shevkoplyas, S.S.; Zasonska, B.; Szymborski, T.; Garstecki, P.; Whitesides, G.M. 

Formation of Bubbles and Droplets in Parallel, Coupled Flow-Focusing Geometries. Small 2008, 

4, 1795–1805. 

67. Kim, H.; Luo, D.W.; Link, D.; Weitz, D.A.; Marquez, M.; Cheng, Z.D. Controlled production of 

emulsion drops using an electric field in a flow-focusing microfluidic device. Appl. Phys. Lett. 

2007, 91, 133106:1–133106:3. 

68. Gu, H.; Malloggi, F.; Vanapalli, S.A.; Mugele, F. Electrowetting-enhanced microfluidic device 

for drop generation. Appl. Phys. Lett. 2008, 93, 183507:1–183507:3. 

69. Gu, H.; Duits, M.H.G.; Mugele, F. A hybrid microfluidic chip with electrowetting functionality 

using ultraviolet (UV)-curable polymer. Lab Chip 2010, 10, 1550–1556. 

70. He, P.; Kim, H.; Luo, D.W.; Marquez, M.; Cheng, Z.D. Low-frequency ac electro-flow-focusing 

microfluidic emulsification. Appl. Phys. Lett. 2010, 96, 174103:1–174103:3. 

71. Mugele, F.; Baret, J.C. Electrowetting: From basics to applications. J. Phys.-Condens. Mat. 2005, 

17, R705–R774. 

72. Link, D.R.; Grasland-Mongrain, E.; Duri, A.; Sarrazin, F.; Cheng, Z.D.; Cristobal, G.; Marquez, M.; 

Weitz, D.A. Electric control of droplets in microfluidic devices. Angew. Chem. Int. Ed. 2006, 45, 

2556–2560. 



Int. J. Mol. Sci. 2011, 12             

 

 

2593 

73. Hsiung, S.K.; Chen, C.T.; Lee, G.B. Micro-droplet formation utilizing microfluidic flow 

focusing and controllable moving-wall chopping techniques. J. Micromech. Microeng. 2006, 16, 

2403–2410. 

74. Lee, C.Y.; Lin, Y.H.; Lee, G.B. A droplet-based microfluidic system capable of droplet 

formation and manipulation. Microfluid Nanofluid 2009, 6, 599–610. 

75. Abate, A.R.; Romanowsky, M.B.; Agresti, J.J.; Weitz, D.A. Valve-based flow focusing for drop 

formation. Appl. Phys. Lett. 2009, 94, 023503:1–023503:3. 

76. Baroud, C.N.; Delville, J.P.; Gallaire, F.; Wunenburger, R. Thermocapillary valve for droplet 

production and sorting. Phys. Rev. E 2007, 75, 046302:1–046302:5. 

77. Nguyen, N.T.; Ting, T.H.; Yap, Y.F.; Wong, T.N.; Chai, J.C.K.; Ong, W.L.; Zhou, J.; Tan, S.H.; 

Yobas, L. Thermally mediated droplet formation in microchannels. Appl. Phys. Lett. 2007, 

91, 084102:1–084102:3. 

78. Stan, C.A.; Tang, S.K.Y.; Whitesides, G.M. Independent Control of Drop Size and Velocity in 

Microfluidic Flow-Focusing Generators Using Variable Temperature and Flow Rate. Anal. 

Chem. 2009, 81, 2399–2402. 

79. Tan, S.H.; Nguyen, N.T.; Yobas, L.; Kang, T.G. Formation and manipulation of ferrofluid 

droplets at a microfluidic T-junction. J. Micromech. Microeng. 2010, 20, 045004. 

80. Niu, X.Z.; Zhang, M.Y.; Wu, J.B.; Wen, W.J.; Sheng, P. Generation and manipulation of "smart" 

droplets. Soft Matter 2009, 5, 576–581. 

81. Murshed, S.M.S.; Tan, S.H.; Nguyen, N.T.; Wong, T.N.; Yobas, L. Microdroplet formation of 

water and nanofluids in heat-induced microfluidic T-junction. Microfluid Nanofluid 2009, 6, 

253–259. 

82. Zeng, S.J.; Li, B.W.; Su, X.O.; Qin, J.H.; Lin, B.C. Microvalve-actuated precise control of 

individual droplets in microfluidic devices. Lab Chip 2009, 9, 1340–1343. 

83. Malloggi, F.; Vanapalli, S.A.; Gu, H.; van den Ende, D.; Mugele, F. Electrowetting-controlled 

droplet generation in a microfluidic flow-focusing device. J. Phys.-Condens. Matter 2007, 

19, 462101. 

84. Willaime, H.; Barbier, V.; Kloul, L.; Maine, S.; Tabeling, P. Arnold tongues in a microfluidic 

drop emitter. Phys. Rev. Lett. 2006, 96, 054501:1–054501:4. 

85. Galas, J.C.; Bartolo, D.; Studer, V. Active connectors for microfluidic drops on demand. New J. 

Phys. 2009, 11, 075027:1–075027:11. 

86. Xu, J.; Attinger, D. Drop on demand in a microfluidic chip. J. Micromech. Microeng. 2008, 

18, DOI: 10.1088/0960-1317/18/6/065020. 

87. Bransky, A.; Korin, N.; Khoury, M.; Levenberg, S. A microfluidic droplet generator based on a 

piezoelectric actuator. Lab Chip 2009, 9, 516–520. 

88. Churski, K.; Korczyk, P.; Garstecki, P. High-throughput automated droplet microfluidic system 

for screening of reaction conditions. Lab Chip 2010, 10, 816–818. 

89. Malloggi, F.; Gu, H.; Banpurkar, A.G.; Vanapalli, S.A.; Mugele, F. Electrowetting—A versatile 

tool for controlling microdrop generation. Eur. Phys. J. E 2008, 26, 91–96. 

90. Tan, Y.C.; Fisher, J.S.; Lee, A.I.; Cristini, V.; Lee, A.P. Design of microfluidic channel 

geometries for the control of droplet volume, chemical concentration, and sorting. Lab Chip 

2004, 4, 292–298. 



Int. J. Mol. Sci. 2011, 12             

 

 

2594 

91. Tan, Y.C.; Ho, Y.L.; Lee, A.P. Droplet coalescence by geometrically mediated flow in 

microfluidic channels. Microfluid Nanofluid 2007, 3, 495–499. 

92. Liu, K.; Ding, H.J.; Chen, Y.; Zhao, X.Z. Droplet-based synthetic method using microflow 

focusing and droplet fusion. Microfluid Nanofluid 2007, 3, 239–243. 

93. Bremond, N.; Thiam, A.R.; Bibette, J. Decompressing emulsion droplets favors coalescence. 

Phys. Rev. Lett. 2008, 100, 024501:1–024501:4. 

94. Lin, B.C.; Su, Y.C. On-demand liquid-in-liquid droplet metering and fusion 

utilizing pneumatically actuated membrane valves. J. Micromech. Microeng. 2008, 

18, DOI: 10.1088/0960-1317/18/11/115005. 

95. Niu, X.; Gulati, S.; Edel, J.B.; deMello, A.J. Pillar-induced droplet merging in microfluidic 

circuits. Lab Chip 2008, 8, 1837–1841. 

96. Christopher, G.F.; Bergstein, J.; End, N.B.; Poon, M.; Nguyen, C.; Anna, S.L. Coalescence and 

splitting of confined droplets at microfluidic junctions. Lab Chip 2009, 9, 1102–1109. 

97. Chokkalingam, V.; Weidenhof, B.; Kramer, M.; Herminghaus, S.; Seemann, R.; Maier, W.F. 

Template-free Preparation of Mesoporous Silica Spheres through Optimized Microfluidics. 

ChemPhysChem 2010, 11, 2091–2095. 

98. Chokkalingam, V.; Weidenhof, B.; Kramer, M.; Maier, W.F.; Herminghaus, S.; Seemann, R. 

Optimized droplet-based microfluidics scheme for sol-gel reactions. Lab Chip 2010, 10, 1700–1705. 

99. Hudson, S.D.; Jamieson, A.M.; Burkhart, B.E. The effect of surfactant on the efficiency of 

shear-induced drop coalescence. J. Colloid Interface Sci. 2003, 265, 409–421. 

100. Mazutis, L.; Baret, J.C.; Griffiths, A.D. A fast and efficient microfluidic system for highly 

selective one-to-one droplet fusion. Lab Chip 2009, 9, 2665–2672. 

101. Sivasamy, J.; Chim, Y.C.; Wong, T.N.; Nguyen, N.T.; Yobas, L. Reliable addition of reagents 

into microfluidic droplets. Microfluid Nanofluid 2010, 8, 409–416. 

102. Bibette, J.; Morse, D.C.; Witten, T.A.; Weitz, D.A. Stability-Criteria for Emulsions. Phys. Rev. 

Lett. 1992, 69, 2439–2442. 

103. Amarouchene, Y.; Cristobal, G.; Kellay, H. Noncoalescing drops. Phys. Rev. Lett. 2001, 

8720, 206104:1–206104:4. 

104. Cordero, M.L.; Burnham, D.R.; Baroud, C.N.; McGloin, D. Thermocapillary manipulation of 

droplets using holographic beam shaping: Microfluidic pin ball. Appl. Phys. Lett. 2008, 93, 

034107:1–034107:3. 

105. Priest, C.; Herminghaus, S.; Seemann, R. Controlled electrocoalescence in microfluidics: 

Targeting a single lamella. Appl. Phys. Lett. 2006, 89, 134101:1–134101:3. 

106. Zagnoni, M.; Baroud, C.N.; Cooper, J.M. Electrically initiated upstream coalescence cascade of 

droplets in a microfluidic flow. Phys. Rev. E 2009, 80, 046303:1–046303:9. 

107. Zagnoni, M.; Cooper, J.M. On-chip electrocoalescence of microdroplets as a function of voltage, 

frequency and droplet size. Lab Chip 2009, 9, 2652–2658. 

108. Wang, W.; Yang, C.; Li, C.M. Efficient On-Demand Compound Droplet Formation: From 

Microfluidics to Microdroplets as Miniaturized Laboratories. Small 2009, 5, 1149–1152. 

109. Thiam, A.R.; Bremond, N.; Bibette, J. Breaking of an Emulsion under an ac Electric Field. Phys. 

Rev. Lett. 2009, 102, 188304:1–188304:4. 



Int. J. Mol. Sci. 2011, 12             

 

 

2595 

110. Niu, X.Z.; Gielen, F.; deMello, A.J.; Edel, J.B. Electro-Coalescence of Digitally Controlled 

Droplets. Anal. Chem. 2009, 81, 7321–7325. 

111. Lai, A.; Bremond, N.; Stone, H.A. Separation-driven coalescence of droplets: An analytical 

criterion for the approach to contact. J. Fluid Mech. 2009, 632, 97–107. 

112. Chabert, M.; Dorfman, K.D.; Viovy, J.L. Droplet fusion by alternating current (AC) field 

electrocoalescence in microchannels. Electrophoresis 2005, 26, 3706–3715. 

113. Herminghaus, S. Dynamical instability of thin liquid films between conducting media. Phys. Rev. 

Lett. 1999, 83, 2359–2361. 

114. Mostowfi, F.; Khristov, K.; Czarnecki, J.; Masliyah, J.; Bhattacharjee, S. Electric field mediated 

breakdown of thin liquid films separating microscopic emulsion droplets. Appl. Phys. Lett. 2007, 

90, 184102:1–184102:3. 

115. Baygents, J.C.; Rivette, N.J.; Stone, H.A. Electrohydrodynamic deformation and interaction of 

drop pairs. J. Fluid Mech. 1998, 368, 359–375. 

116. Davis, M.H. Two Charged Spherical Conductors in a Uniform Electric Field: Forces and Field 

Strength. Q. J. Mech. Appl. Math. 1964, 17, 499–511. 

117. Lewis, T.J. A model for bilayer membrane electroporation based on resultant electromechanical 

stress. IEEE Trans. Dielectr. Electr. Insul. 2003, 10, 769–777. 

118. Tan, W.H.; Takeuchi, S. Timing controllable electrofusion device for aqueous droplet-based 

microreactors. Lab Chip 2006, 6, 757–763. 

119. Gu, H.; Murade, C.U.; Duits, M.H.G.; Mugele, F. A Microfluidic Platform for On-Demand 

Formation and Merging of Microdroplets using Electric Control. Biomicrofluidics 2011, 5, 

011101:1–011101:6. 

120. Schwartz, J.A.; Vykoukal, J.V.; Gascoyne, P.R.C. Droplet-based chemistry on a programmable 

micro-chip. Lab Chip 2004, 4, 11–17. 

121. Singh, P.; Aubry, N. Transport and deformation of droplets in a microdevice using 

dielectrophoresis. Electrophoresis 2007, 28, 644–657. 

122. Wang, W.; Yang, C.; Li, C.M. On-demand microfluidic droplet trapping and fusion for on-chip 

static droplet assays. Lab Chip 2009, 9, 1504–1506. 

123. Lorenz, R.M.; Edgar, J.S.; Jeffries, G.D.M.; Zhao, Y.Q.; McGloin, D.; Chiu, D.T. Vortex-trap-

induced fusion of femtoliter-volume aqueous droplets. Anal. Chem. 2007, 79, 224–228. 

124. Verneuil, E.; Cordero, M.L.; Gallaire, F.; Baroud, C.N. Laser-Induced Force on a Microfluidic 

Drop: Origin and Magnitude. Langmuir 2009, 25, 5127–5134. 

125. Manz, A.; Harrison, D.J.; Verpoorte, E.M.J.; Fettinger, J.C.; Paulus, A.; Ludi, H.; Widmer, H.M. 

Planar Chips Technology for Miniaturization and Integration of Separation Techniques into 

Monitoring Systems - Capillary Electrophoresis on a Chip. J. Chromatogr. 1992, 593, 253–258. 

126. Fan, Z.H.; Harrison, D.J. Micromachining of Capillary Electrophoresis Injectors and Separators 

on Glass Chips and Evaluation of Flow at Capillary Intersections. Anal. Chem. 1994, 66, 177–184. 

127. Xia, Y.N.; Whitesides, G.M. Soft lithography. Annu. Rev. Mater. Sci. 1998, 28, 153–184. 

128. Duffy, D.C.; McDonald, J.C.; Schueller, O.J.A.; Whitesides, G.M. Rapid prototyping of 

microfluidic systems in poly(dimethylsiloxane). Anal. Chem. 1998, 70, 4974–4984. 

129. Qin, D.; Xia, Y.N.; Rogers, J.A.; Jackman, R.J.; Zhao, X.M.; Whitesides, G.M. Microfabrication, 

microstructures and microsystems. Microsyst. Technol. Chem. Life Sci. 1998, 194, 1–20. 



Int. J. Mol. Sci. 2011, 12             

 

 

2596 

130. Bohl, B.; Steger, R.; Zengerle, R.; Koltay, P. Multi-layer SU-8 lift-off technology for 

microfluidic devices. J. Micromech. Microeng. 2005, 15, 1125–1130. 

131. Belder, D.; Ludwig, M. Surface modification in microchip electrophoresis. Electrophoresis 2003, 

24, 3595–3606. 

132. Handique, K.; Burke, D.T.; Mastrangelo, C.H.; Burns, M.A. Nanoliter liquid metering in 

microchannels using hydrophobic patterns. Anal. Chem. 2000, 72, 4100–4109. 

133. Rohr, T.; Ogletree, D.F.; Svec, F.; Frechet, J.M.J. Surface functionalization of thermoplastic 

polymers for the fabrication of microfluidic devices by photoinitiated grafting. Adv. Funct. 

Mater. 2003, 13, 264–270. 

134. Abate, A.R.; Lee, D.; Do, T.; Holtze, C.; Weitz, D.A. Glass coating for PDMS microfluidic 

channels by sol-gel methods. Lab Chip 2008, 8, 516–518. 

135. Hu, S.W.; Ren, X.Q.; Bachman, M.; Sims, C.E.; Li, G.P.; Allbritton, N.L. Surface-directed, graft 

polymerization within microfluidic channels. Anal. Chem. 2004, 76, 1865–1870. 

136. Willis, P.A.; Hunt, B.D.; White, V.E.; Lee, M.C.; Ikeda, M.; Bae, S.; Pelletier, M.J.; Grunthaner, F.J. 

Monolithic Teflon (R) membrane valves and pumps for harsh chemical and low-temperature use. 

Lab Chip 2007, 7, 1469–1474. 

137. Grover, W.H.; von Muhlen, M.G.; Manalis, S.R. Teflon films for chemically-inert microfluidic 

valves and pumps. Lab Chip 2008, 8, 913–918. 

138. Song, Y.J.; Kumar, C.S.S.R.; Hormes, J. Fabrication of an SU-8 based microfluidic reactor on a 

PEEK substrate sealed by a 'flexible semi-solid transfer' (FST) process. J. Micromech. Microeng. 

2004, 14, 932–940. 

139. Cygan, Z.T.; Cabral, J.T.; Beers, K.L.; Amis, E.J. Microfluidic platform for the generation of 

organic-phase microreactors. Langmuir 2005, 21, 3629–3634. 

140. Kim, S.H.; Yang, Y.; Kim, M.; Nam, S.W.; Lee, K.M.; Lee, N.Y.; Kim, Y.S.; Park, S. Simple 

route to hydrophilic microfluidic chip fabrication using an ultraviolet (UV)-cured polymer. Adv. 

Funct. Mater. 2007, 17, 3493–3498. 

141. Bartolo, D.; Degre, G.; Nghe, P.; Studer, V. Microfluidic stickers. Lab Chip 2008, 8, 274–279. 

142. De Marco, C.; Girardo, S.; Mele, E.; Cingolani, R.; Pisignano, D. Ultraviolet-based bonding for 

perfluoropolyether low aspect-ratio microchannels and hybrid devices. Lab Chip 2008, 8,  

1394–1397. 

143. Hung, L.H.; Lin, R.; Lee, A.P. Rapid microfabrication of solvent-resistant biocompatible 

microfluidic devices. Lab Chip 2008, 8, 983–987. 

144. Simms, R.; Dubinsky, S.; Yudin, A.; Kumacheva, E. A method for fabricating microfluidic 

electrochemical reactors. Lab Chip 2009, 9, 2395–2397. 

145. Gates, B.D.; Xu, Q.B.; Love, J.C.; Wolfe, D.B.; Whitesides, G.M. Unconventional 

nanofabrication. Annu. Rev. Mater. Res. 2004, 34, 339–372. 

146. Heckele, M.; Schomburg, W.K. Review on micro molding of thermoplastic polymers. 

J. Micromech. Microeng. 2004, 14, R1–R14. 

147. Leech, P.W.; Wu, N.; Zhu, Y. Application of dry film resist in the fabrication of microfluidic 

chips for droplet generation. J. Micromech. Microeng. 2009, 19, 065019:1–065019:6. 



Int. J. Mol. Sci. 2011, 12             

 

 

2597 

148. Greener, J.; Li, W.; Ren, J.; Voicu, D.; Pakharenko, V.; Tang, T.; Kumacheva, E. Rapid, 

cost-efficient fabrication of microfluidic reactors in thermoplastic polymers by combining 

photolithography and hot embossing. Lab Chip 2010, 10, 522–524. 

149. Tsao, C.W.; DeVoe, D.L. Bonding of thermoplastic polymer microfluidics. Microfluid Nanofluid 

2009, 6, 1–16. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


