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Abstract  

 

Droplet-based protocols in microfluidic devices have found numerous applications in such different areas as 

bioanalytics, chemical synthesis, drug delivery etc. Droplets can either be produced in a continuous stream or on-

demand. Employing an active technique via applying external sources such as temperature, acoustic, magnetic or 

electric fields, potentially in combination with a passive technique, could enhance the utility and controllability of 

droplet generation. Among these approaches, probably the most versatile and flexible one is based on the 

application of electric fields, because electric actuation tends to be faster and requires less complex components 

than mechanical actuation. This thesis addresses electrically manipulation of droplets inside microchannels 

generated both on-stream and on-demand along with some particular applications such as using the droplets as 

biological reaction compartments or as carriers to transfer tiny amounts of dissolved species.       

For the on-stream case, the effect of DC electric fields on the generation of droplets of water and xanthan gum 

solutions in sunflower oil at a microfluidic T-junction is experimentally studied. The electric field leads to a 

significant reduction of the droplet diameter, by about a factor of 2 in the case of water droplets. The droplet size 

is tuned by varying the electric field strength, an effect that can be employed to produce a stream of droplets with 

a tailor-made size sequence. Compared to the case of purely hydrodynamic droplet production without electric 

fields, the electric control has about the same effect on the droplet size if the electric stress at the liquid/liquid 

interface is the same as the hydrodynamic stress. 

The focus of the thesis, however, is the manipulation of droplets generated on-demand via electric fields. In the 

first scenario for droplets being utilized in the context of artificial genetic circuits in biological systems as outlined 

by the LOEWE CompuGene project (managed by TU Darmstadt), a method is presented allowing to produce 

monodisperse droplets with volumes in the femtoliter range in a microchannel on demand. The method utilizes 

pulsed electric fields deforming the interface between an aqueous and an oil phase and pinching off droplets. 

Water and xanthan gum solutions are considered as disperse-phase liquids, and it is shown that the method can 

be applied even to solutions with a zero-shear rate viscosity more than 104-times higher than that of water. The 

droplet formation regimes are explored by systematically varying the pulse amplitude and duration as well as the 

salt concentration. The dependence of the process on the pulse amplitude can be utilized to tune the droplet size. 

To demonstrate the applicability of the electric-field-driven droplet generator, it is shown that the droplets can 

be used as versatile biological reaction compartments. It is proven that droplets containing a cell-free 

transcription–translation system execute gene transcription and protein biosynthesis in a timely and 

programmable fashion. Moreover, it is verified that biomolecules inside the aqueous droplets such as small RNAs 

can be diffusionally activated from the outside to induce a ligand-driven biochemical switch. 

In another scenario of using droplets as carrier, adding and subtracting the smallest amounts of liquid in a well-

controlled manner is a key step. A principle is demonstrated allowing the transfer of tiny amounts of dissolved 

species to an aqueous femtoliter droplet reciprocating between two aqueous reservoirs (or interfaces) under the 

influence of a DC electric field. Mass transfer is shown to be size selective and adaptive, for example, via tuning 

the viscosity of the surrounding oil phase or the electric-field strength. A map of the dynamic regimes is provided, 

indicating under which conditions the reciprocating droplet motion occurs. A model based on diffusive mass 

transfer is formulated that describes the amount of species taken up and transferred by the droplet. Interestingly, 

in some cases, the droplets reciprocating between two aqueous interfaces show simultaneously volume losses (at 

most contacts with the reservoirs) under certain conditions, a phenomenon called ‘partial coalescence’. 
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Accordingly, a scaling model is provided allowing the prediction of daughter droplet size during partial 

coalescence. Overall, the results significantly help to facilitate the handling, production and manipulation of 

femtoliter droplets. 
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Kurzfassung 
 

Tropfenbasierte Verfahren in mikrofluidischen Systemen haben zahlreiche Anwendungen in so unterschiedlichen 

Bereichen wie der Bioanalytik, chemischen Synthese oder Medikamentenverabreichung  gefunden. Tropfen 

können entweder kontinuierlich oder (on-demand) erzeugt werden. Der Einsatz einer aktiven Technik durch die 

Verwendung externer Quellen wie Temperatur, akustischer, magnetischer oder elektrischer Felder, die 

unabhängig oder in Kombination mit einer passiven Technik eingesetzt werden können, könnte den Nutzen sowie 

die Kontrollierbarkeit der Tropfenerzeugung verbessern. Unter all diesen verschiedenen Ansätzen basiert die 

wahrscheinlich vielseitigste und flexibelste Technik auf der Anwendung elektrischer Felder, da die elektrische 

Steuerung tendenziell schneller ist und weniger komplexe Komponenten erfordert als eine mechanische 

Aktivierung. Die vorliegende Arbeit befasst sich mit der elektrischen Manipulation von Tropfen innerhalb von 

Mikrokanälen, die sowohl kontinuierlich als auch on-demand erzeugt werden, sowie mit einigen speziellen 

Anwendungen wie dem Nutzen der Tropfen als biologische Reaktionskompartimente oder als Träger zur 

Übertragung geringer Mengen einer gelösten Spezies. 

Im Fall einer kontinuierlichen Tropfenerzeugung wird die Wirkung einer elektrischen Gleichspannung auf die 

Erzeugung von Wassertropfen und Tropfen aus Xanthan gum-Lösung in Sonnenblumenöl in einen 

mikrofluidischen T-Übergang experimentell untersucht. Das elektrische Feld führt zu einer signifikanten 

Verringerung des Tropfendurchmessers, im Falle von Wassertropfen um etwa den Faktor zwei. Die Tropfengröße 

wird durch Variation der elektrischen Feldstärke eingestellt, ein Effekt, der genutzt werden kann, um eine Sequenz 

von Tropfen mit einer kontrollierbaren Größe zu erzeugen. Verglichen mit dem Fall der rein hydrodynamischen 

Tropfenerzeugung ohne die Anwendung elektrischer Felder hat die elektrische Aktuation etwa den gleichen Effekt 

auf die Größe der Tropfen, wenn die Maxwell Spannung an der Grenzfläche zwischen beiden Flüssigkeiten der 

hydrodynamischen Spannung gleicht. 

Im Fokus dieser Arbeit steht jedoch die Manipulation von Tropfen, die bei Bedarf durch elektrische Felder erzeugt 

werden. Im ersten Szenario in dem Tropfen in biologischen Systemen eingesetzt werden, wie es im Projekt LOEWE 

CompuGene (Leitung TU Darmstadt) skizziert wurde, wird eine Methode vorgestellt, die es erlaubt, monodisperse 

Tropfen mit Volumina im Femtoliterbereich in einem Mikrokanal on-demand zu erzeugen. Die Methode nutzt 

gepulste elektrische Felder, die die Grenzfläche zwischen einer wässrigen und einer Ölphase verformen und 

Tropfen abschnüren. Wasser und gum-Lösungen werden als Flüssigkeiten in disperser Phase betrachtet, und es 

wird gezeigt, dass die Methode sogar auf Lösungen mit einer Viskosität angewendet werden kann, die bei 

verschwindender Scherrate mehr als 104-mal höher ist als die von Wasser. Die Regimes zur Tropfenbildung werden 

durch systematische Variation der Pulsamplitude und –dauer sowie der Salzkonzentration untersucht. Die 

Abhängigkeit des Prozesses von der Pulsamplitude kann zur Einstellung der Tropfengröße genutzt werden. Um 

die Anwendung des durch ein elektrisches Feld angetriebenen Tropfengenerators zu veranschaulichen, wird 

gezeigt, dass die Tropfen als vielseitige biologische Reaktionskompartimente verwendet werden können. Es wird 

nachgewiesen, dass Tropfen, die ein zellfreies Transkriptions-Translationssystem enthalten, die Gentranskription 

und Proteinbiosynthese zeitnah und kontrollierbar ausführen. Darüber hinaus wird verifiziert, dass Biomoleküle 

innerhalb der wässrigen Tropfen, wie z.B. kleine RNAs, von außen diffusionsgetrieben aktiviert werden können, 

um einen ligandenbasierten Schalter zu aktivieren. 

In einem anderen Szenario, bei dem Tropfen als Träger verwendet werden, ist die kontrollierte Addition und 

Subtraktion kleinster Flüssigkeitsmengen ein entscheidender Schritt. Es wird ein Prinzip vorgestellt, das die 
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Übertragung kleinster Mengen gelöster Spezies auf einen wässrigen Femtoliter-Tropfen ermöglicht, der sich unter 

dem Einfluss eines elektrischen Gleichspannungsfeldes zwischen zwei Reservoiren (oder Grenzflächen) hin- und 

herbewegt. Es wird gezeigt, dass der Massentransfer größenselektiv und adaptiv ist, z.B. durch Abstimmung der 

Viskosität der umgebenden Ölphase oder der elektrischen Feldstärke. Es wird ein Phasendiagramm der 

dynamischen Regime erstellt, aus dem hervorgeht, unter welchen Bedingungen die hin- und hergehende 

Tropfenbewegung stattfindet. Es wird ein auf diffusivem Massentransfer basierendes Modell formuliert, das die 

Menge der vom Tropfen aufgenommenen und übertragenden Spezies beschreibt. Interessanterweise treten bei 

den zwischen den zwei Grenzflächen hin- und herbewegten Tropfen in einigen Fällen Volumenverluste auf (bei 

der Mehrzahl der Kontakte mit den Reservoiren), ein Phänomen, das als partielle Koaleszenz bezeichnet wird. 

Hierfür wird ein Skalierungsmodell präsentiert, das die Vorhersage der Produkttropfengröße während des 

partiellen Koaleszenzprozesses ermöglicht. Insgesamt tragen die Ergebnisse wesentlich dazu bei, die Handhabung, 

Erzeugung und Manipulation von Femtoliter-Tropfen zu erleichtern. 

 

Übersetzung: Michael Eigenbrod 
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1 Introduction 
 

1.1 Motivation and objective of the thesis 

 

Microfluidics dealing with very small fluid volumes behaves differently from conventionally sized systems. 

Microfluidic devices take advantage of unique properties of liquids and gases in a scale of micrometer. The merits 

of working with microfluidic dePvices are vast. Among others, one may count less cost of fabrication and easy 

follow-up the protocol of microfluidic chip fabrication, requirements of less volume of samples (chemicals and 

reagents etc.), faster and cheaper analyses, shorter reaction time, easier automation and parallelization, higher 

portability and functionality of integration of several lab elements in one compact space. Droplet as a prominent 

partner has constructed a descent team-up with microfluidic devices, known as droplet-based microfluidics, with 

capability of investigating behaviors of biological entities, reagents and species inside droplets functioning as 

space reaction compartments or carrier fellows, apart from their inherent fluidic characteristics and applications. 

Droplet-based microfluidics has been host of many scientific subjects due to its versatility and functionality in both 

fundamental and application areas. In the recent decades, the rapid progress in microfluidics in all aspects 

spanned from fabrication to experimental methods has tremendously enhanced emergence of promising 

applications, and it has enabled researchers from diverse disciplines to gather and explore microfluidics-related 

projects that can pursue a specific target. Likewise, LOEWE CompuGene managed by TU Darmstadt aimed at 

design of complex genetic circuits in biological systems in a highly interdisciplinary approach. In that context, the 

current thesis, as a sub-project of LOEWE CompuGene, has addressed providing a microfluidic system with the 

potential of being used for the in-vitro characterization of genetic circuits. For that purpose, a microfluidic device 

with a system allowing to produce cell-sized droplets, as a representative for biological reaction compartments, 

is required to design such that adding and subtracting the smallest amounts of liquid volumes (with dissolved 

species) to or from droplets in a well-controlled manner become additionally possible, which could mimic the cell 

metabolism. To do so, use of pulsed and continuous electric fields acting on an appropriate two-phase system can 

fulfill the envisioned goal. Accordingly, the electric fields were used to produce pico-to femtoliter droplets inside 

microfluidic devices, where the appropriate system designs allowed the droplets containing a cell-free 

transcription–translation system execute gene transcription and protein biosynthesis, and also transfer tiny 

amount of liquid containing nano-beads or dissolved species between two aqueous reservoirs. These are 

applications beside the fundamental physics that run the experimental set-up and systems.      

 

 

1.2 Structure of the thesis 

 

In this dissertation, femto to-picoliter droplets are produced inside microchannels both on-stream and on-demand 

with/without pulsed electric fields and then are manipulated via electric fields. In addition to that, some 

(biological) applications are provided taking advantage of the electrical actuation. In chapter 2, a general overview 

on the droplet-based microfluidics is given. It includes the most commonly used geometries and the practical 

methods being as passive and active for generation and manipulation of droplets. This chapter indeed presents 

the employed geometries and methods in context of this work among others.  
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Chapter 3 demonstrates some concepts of electrohydrodynamically transport phenomena that constitutes the 

underlying physics related to the experimental observations in this work. As such, the basics of the 

electrohydrodynamics like modeling, instability and cone-jet mode (as the closest feature to the on-demand 

droplet generation process) are introduced as well as the relevant mechanisms such as electrophoresis and 

dielectrophoresis that typically exist in manipulation of droplets.  In addition, some applications pertinent to the 

elctrohydrodynamics are briefly given.  

The experimental results are presented in the following chapters. As known, droplets can be produced either on-

stream where a large quantity of droplets are desired or produced on-demand where the focus will be on a single 

droplet. Chapter 4 concerns the experimental study of droplet production on-stream while the size of droplets is 

tuned by either varying flow rate ratios or electric fields. In addition to water as the standard working fluid, the 

xanthan gum solutions having zero-shear viscosities up to several order magnitude larger than that of water are 

investigated.  

In chapter 5, femtoliter droplets of water and xanthan gum solutions are produced on-demand from a feature 

much larger than the size of droplets using pulsed electric fields through varying the voltage amplitude and pulse 

duration. This method is then used for production of droplets containing biomolecular species as an application 

proving that the droplets can be used as versatile biological reaction compartments.  

In chapter 6, a method is reported with which the femtoliter droplets not only are produced on-demand between 

two aqueous interfaces but also show different dynamic regimes when electric fields are applied. Depending on 

oil viscosity, salinity of aqueous phase and electric field strength (or applied voltage), different regimes are 

identified: (full) coalescence, non-coalescence, partial coalescence and failure regimes. Defined as the non-

coalescence regime, droplets are shown to reciprocate between two aqueous interfaces (or reservoirs) without 

merging to them. As an application, it is proven that this method allows the transfer of tiny amounts of dissolved 

species to an aqueous femtoliter droplet reciprocating between two aqueous reservoirs upon applying DC electric 

fields. Following that, a diffusive mass transfer model is described that are fitted with experimental data. It is 

described that under certain conditions, droplets reciprocating between two reservoirs could result in generation 

of submicron droplets. This dissertation ends with concluding remarks on the work.  
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2 Droplet based microfluidics 
  

2.1 Introduction 

 

Droplet-based microfluidics, as a multi-functional tool, offers numerous applications because of its merit being as 

lower consumption of reagents, ability to produce a large number of monodisperse droplets with their control 

independency, and fast reaction rate due to small scale. Droplets can serve as frameworks in material science 

used for pharmaceutical, food and industrial applications such as synthesizing microcapsules, microparticles and 

microfibers. The other significant realm of droplets can be found in lab-on-a-chip, where they are well-suitable 

compartments to function chemical and biochemical reactions. In that context, it is desirable to produce uniform 

droplets in a wide range of volumes for the sake of achieving reliable and comparable results in a well-controlled 

manner. This defines the droplet production on stream, where formation of a large number of droplets is explored 

for the above-mentioned applications. Nevertheless, some other applications may require and prefer a tunable 

sequence of droplets with different volumes, for instance, for detecting genetic targets precisely and 

quantitatively in multi-volume droplet digital polymerase-chain-reaction (PCR)[1]. Notably, when the task is to 

produce a droplet at a certain time at a specific location, or when samples that are only available in smallest 

amounts need to be processed, the on-demand production of droplets is favored over the continuous process[2], 

besides the promising specific applications that may favor the droplet production on-demand, for example, to 

encapsulate cells with deterministic cell numbers[3]. As mentioned, droplet production offers many applications 

for which device geometry design and/or fabrication method are basic steps and scheme of production, and 

accordingly is highly important and sometimes challenging. A brief overview is presented in the following.      

 

2.2 Device Geometry  

 

The droplet generation is greatly affected by the geometry of channels because they bound the boundary of fluid 

flows. The most widely used geometries are cross-flow, co-flow and flow-focusing in which viscous shear and/or 

pressure forces are responsible for droplets pinch-off. Other geometry configurations that facilitate or drive 

droplet production work based on variations in channel confinement such as step, microchannel, and membrane 

emulsifications. The latter techniques (i.e. cross-flow etc.) could be found in combination with the former ones 

(i.e. step emulsification etc.). Herein, we briefly introduce some of these geometries. 

      

2.2.1 Cross-flow  

 

The cross-flow geometry (see Fig. 2.1a) refers to the case when dispersed and continuous phase fluids meet at an 

angle larger than 0. The most frequently used feature is when the fluids meet at the angle of 90o referred to as T-

junction, providing a simple and facile mode of monodisperse droplet generation. Thorsen et al.[4] pioneered the 

use of T-junctions for production of water droplets in oil. Typically, the continuous phase enters from main channel 

and dispersed phase from side channel. However, the opposite can be feasible provided by modification of 

channel walls wettability [5]. Aside from being used as a droplet generator, T-junctions can be employed for 

designing microvalves [6] and microctuators [7]. Although the change in angle between the main and side 
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channels creates new configurations, for example Y-shaped junction [8] influencing droplet breakup process and 

resultant droplets [9], a different design of T-junctions can be drastic in droplet production and its application. In 

this regards, making use of multiple T-junctions, for example for formation of stable alternating droplet pairs [10], 

or combining with confinement steps, for example for on-demand droplet production [11], enhance their 

applicability.   

             

2.2.2 Co-flow  

 

The co-flow geometry (see Fig. 2.1b) refers to the case where the dispersed and continuous phase fluids meet in 

parallel streams. Umbanhowar et al. [12] initiates this geometry for use in microfluidic devices. It appears in two 

configurations; one is quasi-two-dimensional (2D) planer, which is doable by standard soft lithographic methods, 

and another is three-dimensional (3D) coaxial for which a glass capillary is inserted into a microchannel. The 

degree of dispersity of resulting droplets generated by this geometry is dependent on the flow condition [12,13]. 

 

2.2.3 Flow-focusing  

 

In flow-focusing geometry (see Fig. 2.1c), the dispersed fluid is hyrodynamically focused by (typically two streams 

of) continuous phase fluids, passing through a contraction. Similar to co-flow geometries, it can be designed in 

the two configurations. This geometry can be a good candidate for production of droplets in smaller size. In 

addition, the 3D version of flow-focusing devices eliminates problems such as wetting of channel walls by disperse 

phase [14], introducing a robust high-throughput droplet generator. 

   

2.2.4 Step-emulsification 

 

On contrary to the abovementioned microfluidic geometries which work basically on shear/pressure forces to 

pinch off droplets, in step-emulsification (see Fig. 1d) the tendency to minimize interfacial energy is the 

mechanism responsible for droplet pinch-off. In this regard, when a dispersed phase fluid reaches to a contraction 

or expansion, its interface is destabilized due to a sharp change in capillary pressure and, as a result, droplets are 

produced so as to minimize the interfacial energy.  

Several advantages of step emulsification were reported [15]; less sensitivity of droplet production to flow rate or 

pressure fluctuation, a wider range of flow rates if flow rate ratio is kept constant and easier for parallelization in 

high-throughput droplet generation. Microchannel and membrane emulsifications are also other techniques used 

for droplet generation, which are less popular compared with other techniques mentioned earlier.   
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Fig. 2.1 The commonly used geometries in microfluidics devices: a) Cross-flow b) Co-flow c) Flow-focusing d) Step-
emulsification. Reproduced with permission from [15] 

 
          

2.3 Passive and active methods for droplet generation 

 

When droplet generation is concerned, microfluidics devices become a decent and best host for it. This is because 

their peculiar ability to produce droplet volumes down to very small scales like cell-sized used in pharmaceutical 

and biological applications (drug delivery, diagnostic and so on), in addition to merits such as low consumption of 

fluids, easy implementation, high capability in integration with different techniques, high controllability and etc. 

However, microfluidic devices also offer an attractive platform for industrial applications and for research. In that 

context, methods used to generate droplets within microfluidic devices become highly important. Zhu and Wang 

[15] reviewed this subject in a well-manner way. Herein, these methods are briefly presented, which are classified 

in two major categories: passive and active methods.        

     

2.3.1 Passive method 

 

In passive method, syringe pumps, supplying constant flow rates, or pressure controllers and gravity-based units, 

providing stable and tunable pressures, typically lead to formation of two-phase fluid flows. The principle based 

on which the droplets are produced is the partial conversion of energy induced by the syringe pumps or pressure 

controllers into interfacial energy. This makes the destabilization of liquid-liquid or the gas-liquid interface easier 

and tendency to minimization of the interfacial energy is the driving mechanism for decaying the tip of dispersed 

fluid stream into droplets. As a result, droplets appear in various breakup modes (see Fig. 2.2), depending on the 

involved processes and underlying physics.   

For the commonly used geometries, i.e. cross-flow, co-flow and flow-focusing geometries, there are different 

modes observed for droplet production in terms of breakup and formation, which are squeezing, dripping, jetting, 

tip-streaming and tip-multi-breaking. However, tip-streaming and tip-multi-breaking have not been reported in 
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cross-flow yet that might be because of the failure in formation of cone. The transitions between different modes 

are viable through tuning the flow characteristics by changing dispersed and/or continuous phase capillary 

numbers, defined as Ca=µU/γ where µ is the dynamic viscosity, U is the flow velocity and γ is the interfacial 

tension. Since fewer studies have been devoted to identify different modes of droplet production in step-

emulsification, which are shear-induced generation, step-regime and jet-regime, the main focus is put on those in 

cross-flow, co-flow and flow-focusing geometries.   

 

2.3.1.1  Squeezing 

 

In squeezing mode that typically happens at low capillary numbers (e.g. Ca<<1), a segment of dispersed fluid flow 

is squeezed inside the channel where the droplets form. As a result, the size of pinched-off droplet is larger than 

the width of the channel. In such a case, the dispersed flow tip occupies the entire cross-section area of the 

channel and thereby a pressure gradient in the continuous fluid across the tip is built-up. Nevertheless, the 

continuous phase may not completely block the entire cross-section, as confirmed by the microscopic particle 

image velocimetry (µ-PIV) [16], in particular for rectangular microchannels where the dispersed fluid possibly does 

not wet the wall around the corners. When the pressure gradient exceeds the pressure inside the dispersed fluid 

at the tip at the interface of dispersed-continuous fluids, the interface is narrowed down and necks, shedding into 

discrete droplets in a plug-like shape. The droplet formation process in this mode is divided in two stages being as 

filling and necking. Squeezing is the only mode for which the interfacial instability drives the pinch-off. Garstecki 

et al. [17] stated that the breakup in squeezing regime occurs in two stages: a necking stage and a following 

nonlinear rapid collapse. Their observations inferred to the independency of collapse from surface tension, and 

thereby discussed the collapse occurrence through a series of equilibria of minimal surface energy, in contrast to 

the non-equilibrium capillary instability. 

 

2.3.1.2  Dripping 

 

The increase of capillary number (of the continuous phase) causes the transition of mode from squeezing to 

dripping. This transition were reported to occur at continuous phase capillary numbers in the order of Ca~O(10-2) 

[18], where both shear stress and squeezing pressure take a part in determination of droplet size. The capillary 

instability (also known as Rayleigh-plateau instability) is the dominant mechanism acting during breakup. In 

dripping mode, viscous force, which tends to rupture the fluid-fluid interface, overcomes interfacial tension that 

resists against the destabilization of the forming droplet during pinch-off event. Corresponding pinch-off takes 

place at junctions, where the dispersed and continuous phases immediately meet, sufficiently before the growing 

droplet block the major portion of the channel. Consequently, size of the resulting droplets is smaller than the 

channel dimension, so droplets maintain their spherical shapes. Highly monodisperse droplets can be achieved 

for a fixed viscous force.   

 

2.3.1.3 Jetting 
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When flow rate of the continuous or dispersed phase is increased, transition from dripping to jetting happens. As 

a result, the liquid-liquid interface is elongated, forming the dispersed liquid jet. Tip of the liquid jet become 

eventually destabilized due to Rayleigh-plateau instability (or capillary instability), breaking up into droplets. 

Compared with squeezing and dripping, droplets produced in jetting regime are more polydisperse. In co-flow 

geometry, the common geometry producing jetting, the jetting takes place when viscous force (by taking the 

contributions of both dispersed-fluid inertia and continuous fluid into account) exceeds the interfacial tension 

force, with the condition reading as Cac+Wed ≥O(1) [13]. We is the Weber number, defined as We=ρU2L/γ where 

ρ is the mass density and L is a characteristic length, where subscribes c and d denotes the continuous and 

dispersed phases, respectively. Accordingly, jetting in co-flow configuration exhibits two different behaviors. One 

is narrowing jet, occurring at Cac ≥ O(1) where the viscous force is dominant over capillary force. Another one is 

widening jet, occurring at Wed ≥ O(1) where the opposite holds true, that is, the deceleration of jet at downstream 

due to the larger velocity of dispersed phase with respect to that of continuous phase induces a shear force at the 

interface rendering the shape of jet widening.   

     

2.3.1.4  Tip-streaming 

  

Tip-streaming is the reminiscent of Taylor cone in electrified charged liquid seen during electrosprying process or 

electrohydrodynamic phenomenon. Two different mechanisms have been reported that causes tip-streaming. 

One is that surfactant drives the tip-streaming occurrence, which was initially proposed by De Bruijn [19] 

consistent with later experimental works [20]. Another is surfactant-free tip streaming, predicted by Zhang [21] 

almost a decade after the study of De Bruijn [19]. The tip-streaming is characterized by the steady cone-jet 

structure. When the flow rate ratio (flow rate of continuous phase over that of dispersed phase) is sufficiently 

large, a recirculating flow pattern forms within the cone region due to exertion of viscous shear stress from outer 

fluid. But when it exceeds a critical value [22], followed by a cone formation, a thin jet in a few order of magnitude 

smaller that the radius of nozzle is formed at the tip of conical shape and consequently droplets are generated 

from the jet tip during breakup process due to the capillary instability. However, several criteria have to meet in 

order that the tip-streaming triggers [23]. For instance, the device geometry is a significant one; the tip-streaming 

has not been reported for cross-flow possibly because of failure in local streamlines convergence near the 

interface [24]. Furthermore, no separation should exist between continuous phase and the growing droplet that 

requires Rec<<1 where Re denotes the Reynolds number defined as Re=ρUL/μ. The viscous stress induced by the 

continuous phase must dominate over the capillary pressure at the nozzle injection. Besides, the Reynolds number 

of the dispersed flow in the thin jet region must be sufficiently small such that the average velocity of the dispersed 

flow equals that of the continuous phase, which brings about a cylindrical shaped jet at downstream of the cone.     

       

2.3.1.5  Tip-multi-breaking  

 

In contrast to the other mode of breakup in which droplets are produced continuously, tip-multi-breaking 

produces intermittent droplets in periodic sequences. The process is similar to that in tip-streaming mode, 

nevertheless, the conical structure of the dispersed phase from which the droplets are ejected in non-uniform 

sizes is unsteady. The capillary instability is responsible for the droplet ejection and apparently the jet formation 

stage is suppressed. The fluidic conditions of dispersed and continuous fluids are important in unsteadiness of the 
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fluid-fluid interface. For example, Gordillo et al. [25], for a liquid-liquid system in co-flow geometry, specified a 

critical capillary number of the continuous phase as a function of viscosity ratio by which the upper limit for the 

existence of the unsteady conical tip can be set. 

 

 

 
 

Fig. 2.2 Droplet generation images for different break-up modes in cross-flow, co-flow and flow-focusing geometries. 
Reprinted with permission from [15]  

   

 

2.3.2 Active method 

 

Active controls can modulate droplet generation through the aid of an additional energy input, offering several 

merits over the conventional passive methods. Active control can be used independently or in combination with 

passive methods. Making use of active method exhibits higher flexibility in control of both droplet size and 

frequency of generation, and it also allows the droplet generation on-demand in a case if characterizing a single 

droplet is concerned [2]. Furthermore, the response time in employing active control is much shorter than that in 

passive method, down to few milliseconds. Not all these advantages may be possible in passive droplet generation 

method, so using active method, independently or in combined with the passive one, remarkably facilitates and 

enables the practical applications of droplet-based microfluidics.  

In active droplet generation, the fluid-fluid interface is targeted by disrupting the force balance temporarily or 

permanently. The force balance disturbance is viable through either exerting additional external forces or 

modifying intrinsic forces. In the former, the additional energy input can be by applying external electric, magnetic, 

centrifugal fields or even by laser light and so on. In the latter, modification of intrinsic inertial, viscous and 

capillary forces (scaled as ρsus
2, ηsus/L, and γ/L, respectively) is envisioned through a change in the dynamic velocity 

and material properties, including viscosity, interfacial tension, channel wettability, and fluid density. A brief 

description is given for some of abovementioned tools.  
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2.3.2.1  Magnetic control 

 

The best candidate for magnetic control in droplet-based microfluidics is ferrofluid, a nanofluid containing 

magnetic nanoparticles. Ferrofluids magnetize when subjected to a magnetic field and demagnetize when the 

magnetic field is off. Magnetic force per unit volume, fm, is expressed as fm=µ0M∇H, where µ0 is the magnetic 

permeability of free space, M is the magnetism and ∇H is the gradient of magnetic field strength. In droplet 

microfluidics, ferrofluid is basically used as the dispersion phase and thus altering M and/or ∇H would affect the 

droplet generation characteristics. In that context, magnetic field can be manipulated in different points of view 

such as type of magnet, location, uniformity, direction, and polarity of magnetic field, where both permanent 

magnets and electromagnets cab be implemented. Magnetic field presence can play a significant role in the 

process of ferrofluid droplet production, affecting the droplet size (see Fig 2.3). 

 

 

 
 

Fig 2.3 Ferrofluid droplet generation in a) absence and b) presence of a magnetic field. Reprinted with permission from [26]  

 

      

2.3.2.2  Centrifugal control 

 

Offering many fluidics functionalities such as mixing, separation, detection and pharmaceutical and biological 

applications, centrifugal microfluidics has been used for droplet generation as well. Rotation, as a prerequisite 

and pillar element for centrifugal force acting radially outward due to rotary motion of microchannel, is typically 

accompanied with Coriolis force acting perpendicular to the motion direction due to relative motion of the object 

and Euler force proportional to the rotational acceleration. During droplet generation process, these forces, if any, 

compete with interfacial tension force, where their interplay determines droplet size. Bond numbers, defined for 

both centrifugal force (BoΩ = ρΩ2rL2/γ) and Coriolis force (BoCo=ρ2Ω3rL4/µγ), represent the ratio of these forces to 
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that of the interfacial tension. L is the characteristic length, r is the radial position, ρ is the dispersed phase density, 

µ is dynamic viscosity, Ω is the angular velocity, and γ is the interfacial tension.  

 

2.3.2.3  Electrical control 

 

The most commonly used external force among active methods is the electrical control in which electric field is 

employed to manipulate production of droplets [27] offering potential applications [11]. Its effect is similar to 

what seen in electrospray and electrohydrodynamic phenomena. Integrated electrodes into microfluidic devices 

at different features such as IOT or aqueous electrodes provide drastic tools to induce electric fields, which can 

exist in direct current (DC fields) and alternating current (AC fields). The DC electric field (i.e. voltage) can be 

applied at constant and pulsation modes, whereas the AC electric field can be employed in low- and high-

frequency (in Hz). Due to presence of electric field the electric Maxwell stress comes into play and as a significant 

key parameter it must compete with other forces such as interfacial tension force and so on. Notably, as the 

current thesis is centered on the electrical control, which is the active control with electric fields, it is reviewed 

comprehensively in detail in appropriate sections in the text.   

 

2.3.2.4  Material properties modification: Viscosity 

 

Change in material properties is able to serve as an active mechanism to affect droplet generation. Viscosity, a 

main fluid characteristic, behaves differently subject to external forces such as electrical, magnetic and thermal 

stimuli if consists of some special agents. For example, in electrorheological fluids, which are comprised of non-

conducting but electrically active particles dispersed in an insulating base fluid, their particles are aligned along 

electric field lines along with viscosity changed when subjected to an electric field. Accordingly, the fluid motion 

perpendicular to the field lines is suppressed. As a result, the continuous electrorheological fluid is stopped flowing 

when exposed to a sufficiently large electric field and only the dispersed fluid moves forward. Following decrease 

in electric field below a critical value allows the movement of the continuous flow, leading to pinching off the 

dispersed fluid and producing of droplets [28].  

Similarly, viscosity of magnetorheological fluids, like ferrofluids, varies when subjected to a magnetic field and the 

magnetic particles inside this type of fluids align along the magnetic field direction, forming chains or columns. In 

droplet generation with ferrofluids, magnetic field clearly plays the key role in the control of droplet size [29].  

Thermal control of droplets generated in microchannel is performed by considering the fact that temperature 

would influence the fluid viscosity and interfacial tension. Since the variation in viscosity with temperature is faster 

than in interfacial tension, while both decrease with the increase of temperature, the droplets would increase in 

size [30] predicted by  

 

D(T) ∝ 𝐶𝑎𝑐
−1 =

𝛾(𝑇)

𝜇𝑐(𝑇)𝑈𝑐
                                                   (2.1)  

 

Where γ is the interfacial tension, µ is the (dynamic) viscosity, and U is the fluid velocity. Subscript c denotes the 

continuous phase.   
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2.3.2.5  Material properties modification - Interfacial tension 

 

In view of material property modification, the interfacial tension can play a significant role observed from different 

approaches such as thermal, optical and electrical controls. Owing to dependency of interfacial tension to 

temperature, control of droplet generation is thermally possible that exists in two categories in terms of heating 

being as uniform and non-uniform. In the uniform case, the entire liquid-liquid interface is heated and 

consequently the interfacial tension is adjusted homogeneously affecting the droplet generation [31]. In case of 

non-uniform heating, only a part of the interface is locally heated and thereby the resulting thermal gradient 

causes an interfacial gradient that induce the Marangoni stress (a stress tangential to the liquid-liquid interface). 

In Optical control, including laser-heating, a laser beam locally generate heat at the focused beam area and 

therefore, similar to non-uniform heating in thermal control, the Marangoni effect mediates droplet generation 

[32]. The droplet generation could also be altered by modulating the interfacial tension through electrical control 

in a way that Maxwell stress is absent but electrochemical and electrocapillary effects get into play if both disperse 

and continuous phases are electrically conductive and immiscible [33].          
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3 Electro-hydrodynamics 
 

Transport phenomena in electrohydrodynamic construct foundation of many applications such as electrokinetic, 

electrospray, electrospinning, electroprinting, electromixing and electro-coalescence etc. Despite that stable flow 

is commonly desirable in most cases, however, unstable flows become favorable in certain applications (e.g. in 

mixing). Understanding concept of electrohydrodynamics is essentially significant, which constitutes the 

underlying physics of the investigations given in the thesis as well. Here in this section, the basics of 

electrohydrodynamics - including modeling, electrohydrodynamic instability and cone-jet mode – electrophoresis, 

dielectrophoresis and eventually some applications are briefly introduced.   

 

3.1 Basics of Electro-hydrodynamics 

 

The interaction of electric and flow fields is the central pillar of electrohydrodynamics (EHD) for which the ohmic 

model, also so-called leaky dielectric model, is an excellent approximation [34]. Here, the commonly used model 

for electrohydrodynamic analysis and cone-jet, the most frequent mode of electrohydrodynamics, are briefly 

introduced.   

 

3.1.1 Leaky dielectric model 

 

When transport process characteristic time, 𝜏p, that comes from viscous relaxation, diffusion, oscillation of an 

imposed field, or motion of a boundary is larger than characteristic time of electric phenomena, also known as 

charge relaxation time defined as 𝜏t=εεo/σ, the electro-quasi-static approximation would be appropriate and leaky 

dielectric model can be used [34]. In such a case, even for leaky dielectric liquids (i.e. not perfectly conducting 

liquids), the liquid bulk is quasineutral and charges tend to stay at the interface. Therefore, the slow processes are 

defined when 𝜏p ≥ 𝜏t >> 𝜏M in which 𝜏M is the characteristic time for magnetic phenomena. In the absence of 

magnetic field, the magnetic effect can be ignored and therefore, the electrostatic field is irrotational, that is  

 

∇ × 𝑬 = 0                                                                  (3.1)  

 

and the Gauss’s law for electrically linear medium yields the following equation  

 

∇ ∙ ε𝑬 = ρ𝑓                                                                  (3.2) 

  

where E  is the electric field, ε is the permittivity, and ρf is the free charge density. The charge conservation for the 

ohmic regime is as  

 
∂ρ𝑓

𝜕𝑡
+ ∇ ∙ (ρ𝑓𝐯 + 𝜎𝑬) = 0                                                                (3.3) 

 

Here, V is the fluid velocity, σ is the electrical conductivity. 
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The above equations together with continuity equation and momentum equation with included electric body 

forces constitute the governing equations for Leaky Dielectric Model used for analysis of electrohydrodynamic 

phenomena.  

Korteweg-Helmholtz force density is more appropriate for prediction of electromechanical coupling compared to 

Kelvin approach. For an electrically linear medium with polarization dependent on mass density and temperature 

alone, the electrical force density can be represented as 

 

𝑓𝐾𝐻
𝑒 = ρ𝑓𝑬 −

1

2
𝐸2∇ε + ∇ [

1

2
𝜌 (

𝜕𝜀

𝜕𝜌
)

𝑇
𝐸2] = ∇ ∙ [ε𝑬𝑬 −

1

2
ε𝐸2𝐈 +

1

2
𝜌 (

𝜕𝜀

𝜕𝜌
)

𝑇
𝐸2𝐈] = ∇ ∙ 𝐓𝐾𝐻

𝑒                                     (3.4) 

 

where, on the left-hand-side, the first term is the contribution of Columbic force exerted on free charges, the 

second term is related to the polarization force due to the polarization charge at the interface between fluid 

phases with different dielectric properties acting normal to the interface, and the last term stands for the 

electrostriction force density associated with volumetric change in the material. 𝐓𝐾𝐻
𝑒  is the Maxwell stress tensor 

corresponding to the Korteweg-Helmholtz force density. For the case of electrically linear, incompressible 

dielectric medium, the last term disappears. The continuity and momentum equations including the electric body 

force are given by  

 

∇ ∙ 𝐯 = 0                                                                  (3.5) 

 

𝜌
𝜕𝐯

𝜕𝑡
+ 𝜌𝐯 ∙ ∇𝐯 = −∇𝑝 + 𝜇∇2𝐯+ρ𝑓𝑬 −

1

2
𝐸2∇ε                                                                            (3.6) 

 

where p is the pressure and the two last terms on the right-hand-side of Eq. (3.6) are Coulombic and polarization 

electric body forces.   

Two models can be employed for systems having non-uniform properties. One is bulk-coupled model in which a 

bulk region is considered at the interface with continuously varying properties. Therefore, the jumps in physical 

properties across the interface is handled using smoothing. In the bulk-coupled model for a diffusive interface, 

the electromechanical coupling fulfills via volumetric forces distributed across the diffusive interface and material 

properties are incorporated in solution through addition of further equations. Furthermore, it is worth noting that 

the surface force is a local surface phenomenon whose implementation requires considering jump condition for 

force balance. In the bulk-coupled model, it is commonly transformed into an equivalent volumetric force as 

introduced by Brackbill et al. [35] who proposed the Continuum Surface Force (CSF) method. Accordingly, the 

sharp interface between two fluids is replaced by a transition region of a finite thickness, known as diffuse 

interface. The alternative volumetric surface force then is included in the momentum equation. Consequently, a 

diffuse interface approach based on the Volume of Fluid (VoF) method is usually used to track the interface 

between fluid phases [36] with smoothing fluid properties on the interface. A diffuse electric interface at the 

phase boundary between fluids can be also considered as the harmonic averages [37,38]  .  

Another model is surface-coupled model by which adjoining regions with piecewise uniform properties are 

assumed and the electromechanical coupling is through interfacial stresses. Nevertheless, in this model for a sharp 

interface, jump conditions, obtainable by integrating the differential equations across the interface, are required 

to relate the interfacial and bulk properties [39] as follows 
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𝐧 × ‖𝑬‖ = 0                                                                  (3.7) 

 

𝐧 ∙ ‖𝜀𝑬‖ = 𝑞𝑠                                                                  (3.8) 

 
𝜕𝑞𝑠

𝜕𝑡
+ ∇𝑠 ∙ (𝑞𝑠𝐯) = −𝐧 ∙ ‖𝜎𝑬‖                                                                                                                 (3.9) 

 

𝐧 ∙ ‖𝐯‖ = 0                                                                                              (3.10) 

  

𝐧 × ‖𝐯‖ = 0                                                                (3.11)  

 

𝐧‖𝑝‖ = 𝐧 ∙ ‖𝜇(∇𝐯 + ∇𝐯𝑻) + ε𝑬𝑬 −
1

2
ε𝐸2𝐈‖ + ∇𝑠𝛾 − 𝛾𝐧(∇𝑠 ∙ 𝐧)                                                           (3.12)  

 

where the notation ‖𝑥‖ denotes the jump in a quantity x across the interface, n denotes the outward normal 

vector, subscript s denotes surface quantities, qs is the surface charge density, ∇s=(I−nn)·∇ is the surface gradient 

operator, and γ is the surface tension.   

The motions of EHD are electrically driven forces applied on boundaries or in the fluid bulk. Corresponding forces 

given by net Maxwell stress in normal and tangential components are 

 

𝐧 ∙ ‖(ε𝑬𝑬 −
1

2
ε𝐸2𝐈) ∙ 𝐧‖ =

1

2
‖ε(𝑬 ∙ 𝐧)2 − ε(𝑬 ∙ 𝐭𝟏)2 − ε(𝑬 ∙ 𝐭𝟐)2‖                                                                         (3.13)  

 

 𝐭𝒊 ∙ ‖(ε𝑬𝑬 −
1

2
ε𝐸2𝐈) ∙ 𝐧‖ = ‖ε𝑬 ∙ 𝐧‖(𝑬 ∙ 𝐭𝒊)                                                                                                    (3.14)  

  

where t1 and t2 are orthogonal tangential vectors on a surface. Eq. (3.14) demonstrates that a tangential Maxwell 

stress vanishes either for a perfect dielectric (qs= 0) or a perfect conductor (Et= 0).  

In case of droplet generation, the process of detachment is a strong function of wettability of capillary surface or 

channel wall. The contact angle at contact line, the meeting points of two fluid phases with solid wall, could 

contribute to the process of droplet generation to some degree. The contact line is typically represented by a 

contact angle. In contrast to the static equilibrium where the contact angle is defined by its minimal advancing 

(θadv) and maximal receding (θrec) values, the contact angle for the dynamic state is dependent on the local contact 

line velocity (ucl). Kistler [40], for example, suggested the following correlation to model dynamic contact angle  

 

𝜃 = 𝑓𝐻 (𝐶𝑎 + 𝑓𝐻
−1 (𝜃𝑎𝑑𝑣

𝑟𝑒𝑐⁄ ))                                                                                                                     (3.15) 

 

with 𝑓𝐻(𝑥) = arccos (1 − 2 tanh [5.16 (
𝑥

1+1.31𝑥0.99)
0.706

])                                                                                     (3.16) 

 

where Ca is capillary number (defined as µUcl/γ). The capillary number is a signed quantity being positive for 

advancing contact angle and negative for receding contact angle.  
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3.1.2 Electro-hydrodynamic instability and cone-jet phenomenon 

 

In fluid mechanic and related subjects, the effect of electric fields on shape and stability of drops has drawn the 

attention of many researchers. The electrohydrohynamic cone-jet is particularly relevant as it puts forth many 

applications such as electrospray, electrospinning, electroprinting etc. Having stable and controllable liquid cones 

formed through applying an electric field on an interface between a conducting liquid and a non-conductive fluid 

is of great importance required for emission of electrified liquid jets and thereby droplets. For example, generation 

of fine droplets and/or liquid fibers observed in electrospraying and electrospinning rely on downstream 

destabilization of a steady cone-jet [41] or on-demand drops in electroprinting on the transient cone-jets [42]. 

In electrohydrodynamics a transition from cone to jet (cone-jet mode) is achieved when a conical meniscus liquid 

is formed at the expense of an amount of electric potentials applying on a capillary needle or a fluid-fluid interface. 

As a result, beyond a threshold electric potential difference, a thin but robust jet is emerged from the tip of the 

conical meniscus liquid with typical diameter in several orders of magnitude smaller than the cone itself, which 

remains steady until termination of the stimuli (the electric potential difference).   

In absence of jet, i.e. when the only conical meniscus liquid exists, in a hydrostatic state, which is known as pure 

Taylor cone, the surface/interfacial tension is balanced with electric Maxwell stress, assuming an equipotential 

cone and an insulating medium free of charge. In such a case, the balance and the electrical potential φ (in 

spherical coordinates (r, θ)) in terms of the Legendre function of order ½ (regular at θ=0) are given in Eqs. (3.17) 

and (3.18), respectively.  

 

γ∇ ∙ 𝐧 −
1

2
ε(∇φ )2 = ∆𝑝                                                                                                                     (3.17) 

 

φ = a𝑜r
1

2⁄ P1 2⁄ (cos 𝜃)                                                                                                                      (3.18) 

 

a𝑜
−2 = 1

2⁄ 𝛾−1εP1 2⁄
′ 2

(cos 𝛼𝑇) tan 𝛼𝑇 = 0.552 (
𝜀

𝛾
)

2
                                                                                                    (3.19) 

 

P1 2⁄ (cos 𝛼𝑇) = 0                                                                                                                                     (3.20) 

 

where ∇.n is the curvature, Δp is the pressure jump across the fluid-fluid interface. If Eq. (3.18) is substituted in 

Eq. (3.17) and compute ∇.n for a cone angle αT, the constant ao (in Eq. 3.19) is fixed, also yielding ΔP=0 [43].     

The conical equipotential surface requires that P1/2(cos θ)=0, which results a cone angle of θ0=π-49.29o in the 

range 0<θ<π. Since P1/2(cos θ) is finite and positive in the range 0<θ< θ0 but is infinite at θ=π the only possible 

electric field in equilibrium with equipotential fluid surface yields a semi vertical angle (Taylor angle) αT=49.3°[44].    

Although being simple, there are some missing facts in the above solution. The following briefly touches these 

missing elements but to see more details one may refer to Ref. [43]. The most significant missing factor is that Eq. 

(3.18) corresponds to the special case when Δp=0, and therefore finite range of possible values of Δp has been 

ignored, which are related to the stability of a Tylor cone and existence of multiple solutions and hysteresis. 

Another point is that this equation is valid only locally due to the singularity of φ at semiaxis θ=π while growing 

with no bound in all directions when the distance r increases toward the apex.  
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To see the effect of pressure jump Δp, De La Mora [43] reported that by leaving out possible eigenfunctions noted 

by F. Higuera (in a private communication) [43], for an axisymmetric pointed tip with its apex located at r=0, the 

following expansion in half-integer powers of the rescaled polar coordinate ρ=ra1 satisfies Laplace’s equation: 

 

φ(𝜌, 𝜃) = a0r
1

2⁄ {
P1 2⁄ (cos 𝜃) + 𝛼1𝜌P3 2⁄ (cos 𝜃) + 𝛼2𝜌2P5 2⁄ (cos 𝜃)

+ ∙∙∙ +𝛼𝑛𝜌𝑛P𝑛+1 2⁄ (cos 𝜃) +∙∙∙
}                                                                    (3.21) 

 

If a perturbed Taylor cone geometry of the form is postulated such that  

 

𝜃(𝑟) = 𝛼𝑇 + 𝛽1𝜌 + 𝛽2𝜌2 + 𝛽3𝜌3 + 𝛽4𝜌4 +∙∙∙                                                                                                                    (3.22) 

 

The criteria of equipotential surface and mechanical equilibrium of the surface meet, and the pressure jump Δp 

can be fixed through Δp/γ=-0.524826 a1. 

The expansion coefficients given in αn and βn are given in Table 3.1 [43]. 

 

Table 3.1 Initial an and sn coefficients calculated for the series Eq. (3.21) and Eq. (3.22) [43] 

 
 

As a1 is related to the dimensionless pressure jump, it can completely determine the potential and meniscus shape 

itself, whereas the case a1=0 (and thereby Δp=0) corresponds to the pure Taylor cone, characterized by a strictly 

conical shape.   

As mentioned, the meniscus shapes are dependent on the value of Δp. Δp=0 is associated to a conical shape. Δp<0 

belongs to a family of short pointed menisci curved away from the axis [43], indicating that the pressure in the 

cone is less that its outside due to electrostatic suction [45] as a consequence of electric force (i.e. Maxwell stress) 

exceeding the surface tension force. In contrast, Δp>0 corresponds to a family of long acorn-shaped pointed 

menisci curved toward the axis [46,47] in which pressure inside droplets are larger than their surrounding and 

exposed to an electric field above a critical amount they emit jets and progeny droplets.  

Although there are some studies controlling the Taylor cone (or cone-jet) directly via Δp and voltage V [48,49], 

however, most studies control it through voltage V and flow rate Q. Steady cone-jet offering many applications is 

an important mode of an electrified meniscus that can be nicely characterized by the stability island in the electric 

field-flow rate (E-Q) operating diagram. As a typical E-Q diagram shown in Fig 2.5 [39], at the minimum flow rate 

Qm, the electric field must be Em to form a steady cone-jet. When Q>Qm, a steady cone-jet formation is possible 

but within a limited range of electric field around Em. For Q<Qm, a steady cone-jet cannot be produced, however 

pulsating cone-jet may occur around Em, which is resemble to the case of intermediate flow rate (Q≥Qm) at E≤Em. 

One may consult with literature for more details [50–52]. The pulsating cone-jet, which is further doable by 

applying pulsed electric fields, constitutes foundation of the current thesis in which droplets on-demand can be 

produced [2,53] along with their electrical manipulation [11,27].  
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Fig. 2.5 Operating regime of steady cone: Q denotes the flow rate. Reprinted with permission from [50].  
 

         

3.2 Electrophoresis 

 

Electrophoresis is associated to the relative motion of dispersed charged particles inside a fluid when exposing a 

spatially uniform electric field. Its principle is used for size-based separation of nanoparticles and macromolecules, 

and comes especially with wide spectrum of use in analyzing DNA, RNA and proteins. In electrophoresis only 

charged particles can move, regardless of uniformity of the electric field, which their direction of motion are 

determined by the particle charges. 

Electrophoretic force is obtained by the action of the electric field strength on a particle with a certain amount of 

net charge given by  

 

f𝑒 = 𝑞𝐸                                                                                                                                                   (3.23) 

  

where q is the net charge associated with the particle and E is the electric field strength. This force is the same as 

the electric force term in the Lorentz force. When electric field is constant and homogeneous, a charged particle 

accelerates until the drag force compensates the electrophoretic force. As a result, an equilibrium is reached 

between the two opposing forces and the particles move with constant velocity. For a moving particle in a viscous 

medium, in the case of low Reynolds number and moderate electric field strength, a corresponding drift velocity 

v is proportional to the electric field strength through which electrophoretic mobility is defined as:   

 

µ𝑒 =
𝑣 

𝐸
                                                                                                                                                                 (3.24) 

 

the electrophoretic mobility can be also expressed in terms of the zeta (ζ) potential (developed by Smoluchowski 

in 1903 [54]) as:  

 

µ𝑒 =
𝜀0𝜀𝑟𝜁 

𝜇
                                                                                                                      (3.25) 

 

https://en.wikipedia.org/wiki/Reynolds_number
https://en.wikipedia.org/wiki/Marian_Smoluchowski
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where εr is the dielectric constant of the dispersion medium, εo is the permittivity of free space, µ is dynamic 

viscosity of the dispersion medium, and ζ is zeta potential. From these two different electrophoretic mobility 

definitions, one can further notice that the velocity of particles depends on some parameters like electric field 

strength, the dielectric constant and the viscosity of the medium, and the zeta potential of the particles. However, 

the Smoluchowski theory is valid only for sufficiently thin double layer, where the Debye length is much smaller 

than the particle radius.  

As an application of electrophoresis, charged particles when placed in a uniform electric field, created by a pair of 

electrodes, can show a cyclic motion in a way that the charged particle initially moves to the electrode with 

opposite charge. Upon contact, its charge sign switches and it becomes oppositely charged and thus reverses its 

direction of motion towards the other electrode. Performing this process, the particle continues indefinitely cyclic 

motion between the electrodes. This was first observed by Cho [55] who found the acquired charge (due to 

contact with electrode) depends on the DC field and the size of particle. The cyclic motion of metallic sphere 

between two electrodes has been observed earlier [56,57]. However, electrophoresis is not only limited to rigid 

particles; it also applies to deformable and flexible drops containing some amount of charge, that is, the charged 

drops move electrophoretically as known from long time ago [58]. Charged aqueous droplets in oil move by 

electrophoretic driving force for which more complex charge transfer mechanisms may be present. Similar to rigid 

particles, the electrophoretically motion of aqueous droplets in oil mediums have shown bouncing of droplets 

back and force between aqueous/non-aqueous electrodes upon which the charge transfer occurs [11,59]. 

Nevertheless, droplets exhibit different modes of cyclic motion, perhaps in contrast to rigid particles. These modes 

of cyclic motion are stationary drop, small and large amplitudes [60], which could be due to the loss of charge 

drop to the surrounding oil medium while moving away from an electrode. The charge dissipation rate depends 

on the conductivity of the medium, σm, and the local electric field, Ez, written as [61]  

 
𝑑𝑞′′

𝑑𝑡
= 𝜎𝑚𝐸𝑧                                                                                                                                                (3.26) 

   

where q" is the surface charge density given by q/A with A being as the surface area. If a droplet loses its charge 

to its surrounding medium during a motion between two electrodes, there must be another force or mechanism 

by which the droplet could reset the motion after being discharged such as gravity or electrophoresis force. In this 

regard, a different design of electrodes in terms of orientation or structure can be drastic. For example, a 

combination of pin and plate electrodes that causes generation of non-uniform electric field is a good choice [61], 

in particularly for microfluidic devices [11] where the gravitational force is absent.       

The amount of aqueous droplet charge acquired upon contact with an electrode during the electrophoretically 

cyclic motion in oil between two planar electrodes was reported to be less than the one theoretically predicted 

for a perfectly conductive sphere [62]. It was also found that charging process accomplishes in three steps [63]. In 

the first step, the charge of droplet induces the charge accumulation on the opposite electrode when closely 

approaches. In the second step, the droplet gets discharged by the accumulated charge on the electrode when 

are in contact, and in the last step at the same time, the neutralized droplet acquires a certain charge that is the 

opposite charge before contact.        

  

 

https://en.wikipedia.org/wiki/Dielectric_constant
https://en.wikipedia.org/wiki/Dispersion_medium
https://en.wikipedia.org/wiki/Vacuum_permittivity
https://en.wikipedia.org/wiki/Dynamic_viscosity
https://en.wikipedia.org/wiki/Dynamic_viscosity
https://en.wikipedia.org/wiki/Zeta_potential
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3.3 Dielectrophoresis 

 

The electric field in practice is rarely uniform. An uncharged droplet when placed in a non-uniform electric field 

undergoes a net force by which it may move towards either large or low electric field strength. Upon applying 

electric field, polarizable particle gets polarized and induces a dipole. Because of the non-uniform distribution of 

the electric field, and thereby non-uniform electric force, acting on the polarized particle, a net force exerts on 

the particle moving it in one direction depending on relative polarizability of dispersed particle and dispersion 

medium. When polarizability of particle is greater than the medium, the particle moves to the region of large 

electric field strength (called positive dielectrophoresis) and when polarizability of particle is less than the medium 

the opposite occurs (called negative dielectrophoresis). In contrast to electrophoresis, uncharged particles can 

experience dielectrophoretic force but only in non-uniform electric field. Pohl [64] initially suggested the 

dielectrophoretic force for an uncharged dielectric particle (or droplet) inside another dielectric medium exposed 

to a non-uniform DC electric field as 

 

𝐹𝐷𝐸𝑃 = 2𝜋𝑎3𝜀𝑚𝜀0𝐶𝑀∇𝑬2                                                                                                                                        (3.27) 

 

where r is radius of particle and E is electric field acting on the particle, εm is the dielectric constant or permittivity 

of medium, εo is the dielectric constant or permittivity of space, and CM is called Clausius Mossotti factor defined 

as 

 

𝐶𝑀 =
𝜀𝑑−𝜀𝑚

𝜀𝑑+2𝜀𝑚
                                                                                                                                                                     (3.28) 

 

Here, εd is the dielectric constant of the droplet (or particle). Sign of Clausius Mossotti factor determines the 

direction of particle motion to or from the region of strong electric field intensity.   

Dielectrophoresis can occur in AC electric field as well as DC electric field because the corresponding force is 

dependent on the gradient of the field instead of the direction of the field. Furthermore, the relative 

polarizabilities of the particle and medium are frequency-dependent. In such a case (i.e. AC field) the DEP force is 

similar but with few changes as given below   

 

𝐹𝐷𝐸𝑃 = 2𝜋𝑎3𝜀𝑚Re {
𝜀𝑑

∗ −𝜀𝑚
∗

𝜀𝑑
∗ +2𝜀𝑚

∗ } ∇|𝑬|2                                                                                                                                         (3.29) 

 

Here the asterisk superscripts denote the complex permittivity given as ε*=ε+i σ/ω, where ε is the dielectric 

constant, σ is the electrical conductivity, ω is the frequency of the electric field, and i is the imaginary unit.   

Similar to rigid particles, a drop can also experience dielectrophoresis, but at the same time can bear deformation. 

Furthermore, when placed in a non-uniform electric field, the drop can exhibit a cyclic motion by a combination 

of electrophoresis and dielectrophoresis forces. The systematic experimental study on this was carried out by 

Mhatre and Thaokar [61] who observed two distinct cyclic motions for a water droplet in an oil medium subjected 

to a non-uniform electric field produced by a pin-plate configuration; pin-plate and near-electrode cyclic motions. 

Mhatre and Thaokar found that in the pin-plate system, a droplet alternatively moves back and forth between 

two electrodes in which the electrophoretic dominates over the dielectrophoretic force. In such a case, the charge 
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relaxation time was larger than the time scale of motion. The charge relaxation time and the time scale of motion 

are εrεo/σ and 6πaμL/qE, respectively, wherein a is drop radius, L is the distance traveled. By contrast, in the near 

electrode system, the charge relaxation time was smaller than the time scale of motion and therefore the droplet 

after contacting the pin electrode traveled some distance up to a certain point without reaching to the plate 

electrode. At that point, the droplet reversed its direction of motion because of the charge loss to the surrounding 

oil. Indeed, the droplet became uncharged followed by reversal of motion by the dielectrophoretic force towards 

the region of large electric field (i.e. towards the pin electrode) and thus the dielectrophoresis is the driving 

mechanism for assisting the cyclic motion when droplet gets uncharged.  

Aside from the fact that dielectrophoresis can play a role during cyclic motions at some points together with the 

electrophoresis, it is basically used for transporting liquid volumes, dispensing droplets, manipulating droplets and 

sorting purposes which are briefly introduced in the following application section.       

 

3.4 Applications 

 

Dielectrophoresis has become a tremendous tool for separation of rigid particles and, in particular, nanobio-

particles [65]. In that context, dielectrophoresis, which has a nondestructive electrokinetic mechanism and is 

based on polarization effects, has been used for manipulation, concentration and separation of DNAs, proteins, 

viruses and spores and etc., which find significant applications in genetics, microbiology, medicine, biochemistry 

and so on. For example, a non-uniform electric field, which dielectrophoresis stands on that basis, can stretch DNA 

molecules into a line up to several times larger than its coiled form structure [66] that is especially useful for 

determination of size of DNA molecules. The DNA molecules when stretched were prone to be treated in different 

ways such as cutting by employing high intensity UV light [66], a laser beam [67] or even mechanically through 

microscale cantilever with a sharp tip [68].  

Strong dependency of dielectrophoretic force on size of particles and nanobioparticles allows the 

dielectrophoresis technique be impetus for separation purposes. For instance, separation of λ-DNA and 

oligonucleotide in a microchannel containing a large number of corrugated electrodes was achieved by applying 

an electric field which demonstrated the application of dielectrophoresis chromatography [69]. As a result, the 

biomolecules were trapped transiently depending on the dielectrophoretic force based on size such that larger 

molecules with a higher polarization (λ-DNA) took much longer passing through microchannel compared to 

smaller molecules with less polarization (oligonucleotide). There are abundant similar studies focusing on 

manipulation, concentration and separation of proteins, viruses and spores as well as DNA (see the review [65]). 

More recently, Viefhues and Eichhorn [70] reported a review on the theory and applications of DNA 

dielectrophoresis, presenting dielectrophoresis with abilities in trapping and immobilization, separation and 

purification of DNA molecules. Furthermore, capability of implementing in microdevices [71,72] and construction 

of material in nanoscales such as carbon nanotube as an electrode [73] have added advantage of using 

dielectrophoresis for manipulation of nanobioparticle like DNAs.  

Electrophoresis, likewise, has numerous applications in biological and medical sciences. It is used for separation 

of proteins based on their mobilities in an electric field. One of the main methodologies in that context is capillary 

gel electrophoresis (CGE) [74]. Proteins in biological fluids due to complexity of their media are challenging to 

analyze and CGE provides a drastic tool for analysis [75]. In food industry for monitoring food safety and quality, 

analysis of proteins becomes essential and it can be implemented by applying CGE technique [76]. In 
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pharmaceutical industry, a CEG technique can be developed to analyze the quality and purity of recombinant 

monoclonal antibodies that are increasing in therapeutic use [77]. Similarly, DNA separation has been speeded up 

through using capillary electrophoresis, which has more advantages over the classical slab-gel electrophoresis. 

Typical applications of capillary electrophoresis can be found in DNA sequencing [78], fragment sizing [79], SSCP 

[80] or RFLP [81] analysis.  

Dielectrophoresis and electrophoresis, aside from being widely used for biomolecular and biochemical 

applications, are used for manipulation of drops that may or may not contain other (bio) entities. As already 

pointed out, dielectrophoresis phenomenon is being remarkably used to transport liquid volumes, dispense and 

manipulate droplets. As few examples, a parent droplet siting on an insulating substrate coated with a dielectric 

when exposed to an electric potential on co-planar electrodes emerges a finger of liquid all the way down to the 

location where the electrode structures end. By removing the applied voltage, capillary instability caused the 

liquid finger decays into discrete droplets [82]. For drop transportation, in contrast to uniform electric field in 

which an uncharged droplet only shows deformation without any translational movement, in a non-uniform 

electric field an uncharged droplet dielectrophoretically transports in both DC [61] and AC [83] fields before 

acquiring some charge upon touching the target electrode and thereby moving electrophoretically. Water 

droplets can be moved, split and merged in an oil medium in a dielectrophoresis manipulator chip by means of 

electric fields [84].  
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4 Generation of droplets in-series in microfluidics 
devices and their electrical manipulation 

 

 

  

4.1 Introduction 

 

Microfluidic droplet generation systems are being widely used for producing water or oil droplets in a counterpart 

immiscible phase, mainly by passive technique. To apply this technique, the simplest way is to bring two 

immiscible fluids in contact at a T-junction channel (T-junction geometry) or bring two streams of the same fluid 

perpendicular to an immiscible phase (flow-focusing geometry), where these geometries are the commonly used 

geometries for generating monodisperse droplets. Droplet generation offer tremendous applications such as in 

analysis of biological assays [85], chemical reactors [86], drug delivery [87], food engineering [88] and 

pharmaceutical applications [89] and etc. Despite of emerging microfluidics with complex geometries [90,91], the 

T-junction and flow-focusing geometries are still fundamental and there are plenty of studies in the literature 

concerning droplet generation using them [15].  

Employing active technique via applying external sources such as temperature [92], acoustic [93], magnetic [94] 

and electric fields, which can be either solely used or combined with passive technique, would enhance the utility 

of droplet generation for controlling droplet size. Among these approaches, the more achievable, fast-response 

and high flexible tool for tuning droplet size is applying electric field. In this regard, there are a number of efforts 

in the literature investigating the effect of electrical control on the droplet size in microfluidic droplet generation 

process basically in a flow-focusing geometry. For example, Link et al. [95]  generated water droplets with size of 

several to several hundred picoliters in oil. To manipulate them, they employed a DC electric field by a voltage in 

the range of about 20-1000 V across the 500-micron separation of the nozzles, applied to indium tin oxide (ITO) 

electrodes on the glass. Tang et al. [33] applied a DC electrical potential to liquid metal stream of EGaIn in contact 

with a glycerol-NaOH solution while connecting each inlet tubes to both anode and cathode for electrochemical 

and electrocapillary control of EGaIn microdroplets size. They could reduce the size of the EGaIn droplets from 

200 µm (in absence of electrical potential) to half by applying a positive voltage of 18 V, whereas the minimum 

droplet diameter (about 134 µm) was obtained in excess of applying a negative voltage of -5 V.  Kim et al. [96] 

produced water droplet in mineral oil with Span 80 (6 wt. %) and controlled the size of droplets by DC electric field 

(the voltage was in the range of 0-2000 V over the 0.3645 mm distance between the electrodes). They found that 

the electric field can only be effective in tuning the droplet size only at small flow rate ratios with a low flow rate 

of water. They could decrease the size of droplets by one order of magnitude (to less than 1 µm), where the 

droplets were more polydisperse in form of conical spray. In a further study [97] with almost similar conditions, 

they investigated the effect of low-frequency AC electric field of triangular waveform on the control of droplets 

and obtained a continuously size-reducing droplet series at the voltage ramp-up stage. Tan et al. [98] performed 

a study on the effect of a sinusoidal voltage from 1 to 1 kV at frequencies from 1 kHz to 50 kHz on the droplet size 

of NaCl aqueous solutions at different electrical conductivities in mineral oil with 5w/w% Span 80. Their used 

microelectrodes were not in contact with the fluids and were patterned around the flow-focusing junction. They 

realized that droplet generation regimes are a function of connection of the chip, electrical parameters, and 
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electrical property of the dispersed fluid. The droplet size was between around 35-85 µm.  At low voltages (≲ 600 

V), the droplet size was only a function of the AC electric field while dripping regime was prevailing. At high 

voltages (≳ 600 V), the droplet size was a function of AC electric field and the electrical conductivity of the fluid 

while jetting regime was prevailing. Gu et la. [99,100] exploited the electrowetting approach for producing highly 

monodisperse water droplets in mineral oil containing 5% (wt.) Span 80 in conical spray regime under an AC 

voltage with a frequency of 10 kHz, and variable root-mean-square (rms) voltages from 0 to 100 Vrms. In addition 

to dripping regime in which droplets can be manipulated under electric field, they found that in jetting regime, 

the formed jets can be handled in the same manner. Castro-Hernandez et al. [101,102] reported that jets of the 

NaCl aqueous solutions in mineral oil with 5 % (w/w) Span 80, with shedding droplets at their ends, can be 

produced by applying AC electric field while the emerging AC electrified jets are variable as a function of water 

electrical conductivity, signal frequency and voltage amplitude.  

In all studies reported until now addressing the electric control of droplet formation, the flow-focusing 

configuration has been used. By contrast, in this chapter, we demonstrate the electric tuning of the droplet size 

in the T-junction configuration. Compared to the flow-focusing configuration, the T-junction configuration offers 

the option to integrate a larger number of droplet generators in a compact space. This is due to the fact that flow 

focusing is based on merging three fluid streams (compared to two for the T-junction configuration), which either 

requires three inlets or two inlets arranged in a special way to avoid the crossover of channels. The effect of 

electric fields on droplet production by flow-focusing can be qualitatively understood by referring to work on 

Taylor cones [44]. When an electric field acts on a liquid surface, the surface assumes the shape of the cone if the 

Maxwell stress is of comparable magnitude as the surface tension. Above a threshold field strength, the surface 

becomes unstable and ejects droplets. Compared to that, the physics underlying the electric tuning of the droplet 

size in the T-junction configuration is far less obvious. Among the most prominent samples being processed in 

microfluidic devices are blood as well as solutions containing DNA or proteins. The associated rheological 

behaviour is complex, and non-Newtonian models are required. To demonstrate the broad applicability of the 

present method, in this work droplets of highly viscous and/or nonNewtonian fluids are also considered. There 

exist some experimental studies on the behaviour of non-Newtonian fluids in microfluidics [103–107], but usually 

Newtonian fluids are considered. Up to now, microfluidic emulsion or droplet generators have been scarcely 

explored for non-Newtonian fluids [108–111], in particular in context with electric fields [112].  

        

4.2 Experimental set-up 

 

A schematic view of the microfluidic chip is displayed in Fig. 4.1. It consists of a T-junction configuration along with 

a U-shaped microchannel close to the junction. The U-channel serves as an electrode, exposing the T-junction to 

an electric field. The experimental set-up has two electrodes; one is the water-filled U-shaped microchannel with 

an electric connection through a needle, and the other is the side channel of the T-junction which is connected 

(via a needle) to the second outlet of the power supply. The T-junction has two inlets for the disperse and 

continuous phases and an outlet for the two-phase flow.  

All microchannels have rectangular cross-sectional shape. The disperse-phase and continuous-phase channels are 

51 μm and 65 μm in width, respectively. All microchannels have a depth of 30 μm. The distance between the U-

shaped channel and the channel junction is 25 μm.    
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Fig 4.1 Schematic of the experimental setup. Reprinted with permission from [27]. 

 

The soft lithography protocol is utilized for fabrication of the microchannels. Briefly, a SU-8 photoresist structure 

on a silicon wafer, purchased from Microchem, is used as a mold for the device. First PDMS, purchased from Dow 

Corning (Sylgard 184 Silicone Elastomer), is mixed with a cross-linker in a 10:1 ratio and then cast onto a silicon 

wafer containing the master structure, followed by curing for 30 min at 100 oC. The surface of the obtained PDMS 

structure along with a glass slide is treated with oxygen plasma (Femto, Diener Electronic GmbH, Germany). After 

plasma treatment, the PDMS structure is attached to the glass slide, and the assembly is kept at 100 oC in an oven 

overnight to render the device hydrophobic. 

PTFE tubing is used to connect the device to 1 ml syringes (B. Braun Medical Inc.). The tubing is connected to the 

PDMS inlets through metallic needles with which the connection to the power supply is made. The power supply 

is a function generator (Tektronix AFG 3102) combined with a voltage amplifier (A800DI, FLC electronics AB). For 

monitoring and recording the fluidic behaviour, a high-speed camera (Redlake Motion Pro Series Y) is connected 

to an inverted microscope (Nikon Eclipse Ti). Both the continuous and disperse phase are fed to the microchannels 

by syringe pumps (KD Scientific Inc.). 

 

4.3 Materials 

 

4.3.1 Non-Newtonian Xanthan gum solutions  

 

Water, as a Newtonian fluid, and aqueous polymer solutions, as non-Newtonian fluids, are used as disperse 

phases, and sunflower oil served as the continuous phase. All disperse-phase liquids contain 0.017 mol/l NaCl salt. 

The polymer solutions are prepared by dissolving xanthan gum powder (xanthan gum from Xanthomonas 

campestris), purchased from Sigma-Aldrich, in water at 40 oC aided by a magnetic stirrer. Xanthan gum 

concentrations of 0.5 and 1 g/l are employed. No surfactant is added to any of the liquids.  
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4.3.2 Interfacial tension and viscosity measurements   

 

The rheological behaviour of xanthan gum solution has already been reported in the literature. It has a shear-

dependent viscosity that can be fitted by a number of well-known models [113] such as the non-Newtonian shear-

thinning model [108,114]. The viscosities of the employed xanthan gum solutions at a zero shear rate are more 

than two orders of magnitude larger than the viscosity of water, i.e., 205 and 460 mPa.s for the concentrations of 

0.5 and 1 g/l, respectively, as reported by Tam and Tiu [115].  

The interfacial tensions between the aqueous phases and the oil phase are measured by a drop and bubble shape 

tensiometer (PAT-1, Sinterface Technologies, Germany). The measurements show that the interfacial tension 

between water and oil does not change upon addition of 0.5 and 1 g/l of xanthan gum into water. 

The obtained value (23.5±60.6 mN/m) is consistent with literature values [116]. The viscosities of water and 

sunflower oil are measured with a rheometer (Brookfield LVDV-III), being about 1 and 53.5 mPa.s, respectively. 

 

4.4 Experimental procedures: Fluidic and electric system set-up 

 

The syringe pumps are set to provide a fixed flow rate of 50 µL/h for the oil and two flow rates of 20 and 50 µL/h 

for water and xanthan gum aqueous solutions. The size of the needles is a bit larger than the size of inlet holes 

and well press-fitted to the PDMS inlets to make sure there is no leakage for each phase. The combination of the 

function generator and the voltage amplifier is utilized to supply a DC voltage in the range between 0 and 500 V, 

corresponding to electric fields of up to about 11.6 x106 V/m, acting between the U-shaped channel and the 

aqueous phase entering the T-junction. The length of the water-filled U-shaped channel (i.e. the U-shaped 

electrode) in front of the junction is larger than the width of dispersed channel (i.e. the fluidic electrode), which 

thereby creates a non-uniform electric field with the largest electric field strength at the aqueous-oil interface at 

the junction. 

Initially, the entire microchannel domain is filled with the oil phase. Once the aqueous phase reaches the junction, 

the flow of oil starts. After a few minutes, when the steady state condition for droplet generation is achieved, and 

a high-speed camera is employed at 1000 fps to record the dynamic behavior of droplet production with/without 

an applied electric field. For each case, after the electric field has been switched off, the next experiment is carried 

out after a delay of at least 5 to 10 minutes to make sure that capacitive effects are suppressed.  

  

4.5 Results and discussion 

  

In this study, the effect of a DC electric field on droplet production of water or xanthan gum solutions in sunflower 

oil at a T-junction is explored. Accordingly, the influence of DC electric field via applying DC voltages in the range 

of 0-500 V on the dynamic behavior of aqueous droplets produced in the oil are examined and discussed. In 

addition, for the sake of comparison between the effects of electrical and mechanical stresses on the droplet 

formation, some experiments are carried out for the case where the electric field is absent and only mechanical 

stress acts at the liquid-liquid interface. Corresponding results are compared with those performed at combination 

of the electrical and mechanical stresses. 
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4.5.1 Image analysis 

 

To measure the size of the produced droplets, the equivalent diameter concept is adopted. Accordingly, the visible 

area of a droplet is calculated using the ImageJ software (National Institute of Health, USA), and the equivalent 

diameter is obtained using the equation De = (4A/π) 0.5, wherein A is the visible area of the droplet. To obtain 

statistical information about the droplet size, the average diameter and the corresponding standard deviation are 

obtained from a sample of at least 30 droplets for each set of operating parameters. 

 

4.5.2 The effect of electric fields on water droplets 

 

Figure 4.2 exhibits the production of water droplets in sunflower oil for different applied voltages and a flow rate 

ratio, φ, of 50/50. As seen, for all dispersed phase liquids, the droplet size decreases with application of electric 

field. Owing to the Maxwell stresses acting at the liquid-liquid interface, the interface protruding into the channel 

gets more and more deformed with increasing voltage. At around 200 V, the water phase forms a tongue with a 

relatively sharp tip. The droplets are produced from the decay of this liquid tongue. The tip is reminiscent of a 

Taylor cone [44]. As reported by Fernandez de la Mora and Loscertales [117], for liquids with relatively large 

conductivities, when the diameter of the jet emerging from the Taylor cone is smaller than the capillary tube 

diameter, the geometry of the jet becomes independent of the electric field strength. It may be speculated that 

in an analogous manner, the shape of the liquid tongue becomes largely independent of the electric field strength, 

resulting in droplets whose diameter cannot be reduced upon further increase in the field strength. 

 

 

 
 
Fig 4.2 High-speed video microscopy images showing the influence of the electric field on the production of water-in-oil 

droplets at a flow-rate ratio of 50/50. Reprinted with  permission from [27].  
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It is known that droplet production at T-junctions may either occur in the squeezing, dripping or jetting regime. 

The squeezing regime is characterized by the buildup of a pressure gradient across the droplet blocking major 

portions of the main channel [118]. By contrast, in the dripping regime, the viscous shear stress and not the 

pressure is the main influence that drives droplet pinch-off. Figure 1(b) and related image sequences reveal that 

in the absence of electric fields, the droplets are produced somewhere in between the squeezing and the dripping 

regime. The figure also reveals that the droplet generation process accelerates and the number of droplets 

increases by applying electric field.  

Furthermore, the application of the electric field (i.e. Maxwell stress) not only decreases the size of droplets, but 

it also causes the transition in regime happens from (almost) squeezing to dripping. The Maxwell (electric) stress 

indeed suppresses the interfacial instability prevailing in the squeezing regime. At sufficiently large electric field 

strength, it remarkably manipulates the formation of droplets in such a way that the capillary instability runs the 

physics, accompanied by the transition to the dripping regime. In dripping regime, the size of the droplets is 

typically smaller than the channel width and therefore droplets keep their spherical shape when they are 

sufficiently away from the junction. Tan et al. [98] similarly reported regime transition from dripping-to-jetting 

with the increase of the voltage for a flow-focusing device.  Therefore, in the active method, it becomes possible 

to change the flow regime by an electric actuation over the interface through exposing it to an electric field. It has 

been also observed that similar to water, the electric field has qualitatively almost the same effect on the non-

Newtonian xanthan gum solutions.  

Figure 4.3 shows a close-up of the channel junction, exposing some details of the droplet production mechanism. 

In a similar manner as for a Taylor cone, the electric field is strong enough to let the liquid tongue become 

unstable, letting it decay in a number of small droplets. Shortly thereafter, the liquid tongue pinches off from the 

liquid volume filling the side channel, producing a droplet much larger than those originating from the decay of 

the Taylor-cone like structure. Subsequently, the larger droplet merges with the smaller ones, leaving virtually no 

smaller droplets behind. The production of the small droplets is quite erratic, which could be the reason that the 

final product droplets are somewhat less uniform in size than the droplets produced without the electric field. 

 

 

 
 

Fig. 4.3 Time lapse of the production of water droplets at a flow-rate ratio of 50/50 and a voltage of 200 V. The increment 
between the different frames is 1 ms. Reprinted with  permission from [27].  
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4.5.3 The combined effects of electric field and fluid property  

 

Figure 4.4 (a) shows the variation of the size of droplets of water and Xanthan gum solutions with concentration 

of 0.5 and 1 gr/l versus the applied voltage magnitude at a flow rate ratio, φ, of 20/50 (dispersed phase to 

continuous phase). This figure demonstrates that the droplet size considerably decreases up to a voltage of 200 

V. An increase in the voltage beyond that value only has a comparatively small effect on the droplet size. This can 

be explained as follows. At very small voltages, the deformation of the liquid/liquid interface is mainly due to 

hydrodynamic stresses. When increasing the voltage, the Maxwell stresses become dominant. The deformation 

mode of the liquid/liquid interface remains more or less the same for voltages between 200 V and 500 V, leading 

to a droplet size which is largely independent of the applied voltage. At the highest voltage, the equivalent 

diameter of water droplets is almost a factor of two smaller than for the case without the electric field, while the 

size reduction is somewhat less pronounced for xanthan gum solution droplets. It is surprising that the data points 

show a non-monotonic trend with the viscosity of the disperse phase, i.e., the solution of intermediate viscosity 

(xanthan gum solution with a concentration of 0.5 g/l) exhibits the strongest deviation from the case of water as 

the disperse phase.  

The variation of the droplet sizes of water and xanthan gum solutions with a concentration of 0.5 and 1 g/l with 

voltage at a flow rate ratio of 50/50 is presented in Fig. 4.4(b). Overall, the trends observed in this figure are similar 

to those of Fig. 4.4(a), but some differences exist. Most notably, a steady decrease in the droplet size of xanthan 

gum solutions up to voltages of 500 V is observed, in contrast to the behavior of water at the same flow rate ratio 

and to the behavior of xanthan gum solutions at the 20/50 flow rate ratio. A possible explanation of this effect is 

due to the viscous stresses building up in the xanthan gum solutions. While viscous stresses in water are negligible 

throughout most of the parameter range considered here, this is no longer true in xanthan gum solutions. The 

importance of viscous stresses in the aqueous phase is expected to increase as the relative flow rate of this phase 

increases.  

 
 

Fig. 4.4 (a) Variation of the droplet diameter with the voltage for different disperse phase liquids at a flow rate ratio of 20/50. 
The error bars represent the standard deviation of the droplet diameter. (b) The same for a flow rate ratio of 50/50. 
Reprinted with permission from [27]. 
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4.5.4 2D non-uniformity analysis of electric field  

 

The average electric field strength at the fluid interface corresponding to the smaller (aqueous) electrode is 

estimated based on the assumption that the field builds up between two parallel isopotential surfaces of lateral 

extension l (corresponding to the U-shaped channel) and wd+b (corresponding to the fluid interface), where wd is 

the width of the side channel. The average electric field strength at the fluid interface then follows from the 

compression of the electric field lines, and the voltage U is computed by assuming a linear variation of the field 

strength between the isopotential surfaces. The separation between the isopotential surfaces is given by wc+s-b. 

The resulting electric field strength at the fluid interface is 

 

𝐸 =
2𝑙

(𝑙+𝑤𝑑+𝑏)

𝑈

(𝑤𝑐+𝑠−𝑏)
                                                                                                                                                        (4.1) 

 

As the water-filled U-shaped channel and the aqueous electrodes are different in width, the resulting electric field 

between them is non-uniform. The strength of the electric field varies from one electrode toward another one, 

where the largest strength forms at the fluid interface with smaller surface area upon applying a potential 

difference (i.e. voltage).  

 

4.5.5 Force analysis  

 

It is known that the passive method is a typical way of producing aqueous droplets in oil for which syringe pumps 

are the most widely used tools in that sense. For changing size of droplets, it is sufficient to increase/decrease the 

relative flow rate ratio of continuous to disperse phase. On the contrary, in the active method, such as electrical 

control, as mentioned earlier, the electrical stress comes into play that in most cases counteracts with mechanical 

stress.  

To compare the effects of the Maxwell stress and the hydrodynamic stress in the droplet formation process, 

additional experiments without the electric field with water as the disperse phase are performed, where the flow 

rate of water is kept fixed at 50 μl/h and the flow rate of oil was varied from 50 to 550 μl/h. The corresponding 

results were compared with the case where the flow rate ratio is kept fixed at 50/50 and voltage is varied between 

0 to 500 V. 

For the calculation of the hydrodynamic stress acting on the liquid-liquid interface (in an order-of-magnitude 

sense), the sum of the shear stress στ and the squeezing pressure σp due to the obstruction of the channel by the 

forming droplet are used [119] with 

 

𝜎𝜏 =
𝜇𝑐𝑄𝑐

(𝑤𝑐−𝑏)ℎ2                                                                                                                                                                       (4.2) 

 

𝜎𝑝 =
12𝜇𝑐𝑄𝑐𝑏

(𝑤𝑐−𝑏)2ℎ2                                                                                                                                                                       (4.3) 

 

where μc is the viscosity of the continuous phase, Qc is the flow rate of the continuous phase, wc is the width of 

the main channel, and h is its depth. For simplicity, it is assumed that the length of the forming droplet as 

measured from the downstream corner of the T-junction and the extent of the droplet across the width of the 
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channel are equal, denoted by b. The value of b is obtained from the high-speed images. It is worth noting that 

the value of b changes with the oil flow rate. The Maxwell stress is given as 0.5 εrε0E2, where εr is the relative 

dielectric permittivity of the oil phase (εr≈3.3 for sunflower oil [120]). 

In Fig. 4.5, the droplet size as a function of the applied stress obtained in the two cases described above is 

displayed. In the case of purely hydrodynamic droplet formation, the stress is given by the hydrodynamic stress, 

whereas in the mixed hydrodynamic/electric mode, the stress is the sum of the hydrodynamic and the electric 

stress. However, note that in the mixed mode, at a voltage of 500 V, the electric stress is by a factor of 18 larger 

than the hydrodynamic stress, so in most of the parameter range, the electric effects dominate over the 

hydrodynamic ones. Figure 4.5 shows that also in the case of purely hydrodynamic droplet formation, the droplet 

diameter decreases with increasing stress. When comparing the two different modes, roughly equivalent 

relationships are obtained when plotting the droplet diameter as a function of the total stress. This leads to the 

conclusion that, as far as the diameters of the produced droplets are concerned, the electric stress has roughly 

the same effect as the hydrodynamic stress. 

In the absence of electric field, the interfacial tension force interacts with the hydrodynamic forces, which are the 

shear force and the force caused by squeezing pressure due to the obstruction of the channel during the forming 

droplet [121]. When the interfacial tension force dominates the hydrodynamic force, the droplet is willing to stick 

to the source fluid (i.e. dispersed phase liquid) and thereby more dispersed liquid protrudes in the continuous 

liquid at the junction, resulting in the squeezing regime. In the squeezing regime, the size of the droplets is larger 

than the width of continuous phase channel and thus the droplet is squeezed and occupies the whole channel 

cross-section separated by a very thin layer of oil. In the presence of electric field, the Maxwell (electric) stress 

would suppress the interfacial instability in the squeezing regime and at sufficiently large electric field strength 

contributes to the formation of finer droplets.  

 

 
 

Fig. 4.5 Comparison between the effects of pure mechanical stress and a combination of mechanical and electric stresses on 
the droplet diameter for water as the disperse phase. The lines represent logarithmic fits to the data corresponding 
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to mechanical stress (red line) and the first four data points corresponding to mechanical/electric stress (black line). 
The data points represented by the square symbols are the same as in Fig. 4.4 (b), which allows the identification of 
the voltage corresponding to a specific stress value. σ0=1 N/m2. Reprinted with permission from [27]. 

 

 

4.5.6 Manipulation of water droplets by irregular electric field pulses  

 

Figure 4.6 demonstrates the size control of individual water droplets via the applied electric field for the 50/50 

flow rate ratio. By applying electric field pulses of specific duration, the size of successive droplets can be tuned 

in a desired manner. It thereby becomes possible to encode arbitrary sequences of large (l) and small (s) droplets. 

The examples shown in Fig. 4.6 demonstrate the sequences lsls, lsslss, and lssslsss, corresponding to the 

application of zero voltage for 20 ms, followed by a rectangular voltage pulse with an amplitude of 300 V and a 

duration of 15 ms, 30 ms, and 40 ms, respectively. Up to now, similar results appear to have been achieved only 

with drop-on-demand systems [122,123]. 

 

 
         

 

Fig. 4.6 High-speed images showing the size control of individual water droplets at a flow-rate ratio of 50/50: (i) 0 V, (ii) 300 
V, (iii) 300 V pulse, duration 15 ms, (iv) 300 V pulse, duration 30 ms, and (v) 300 V pulse, duration 40 ms. For the 
time-periodic pulsed signals, the off-time between the pulses is always 20 ms. Reprinted with permission from [27]. 
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4.6 Summary 

 

The effect of DC electric field on the generation of droplets of water and xanthan gum solutions (dispersed phase 

liquids) in sunflower oil (continuous phase) at a microfluidic T-junction configuration is experimentally studied. 

Two flow rate ratios, φ, of 20/50 and 50/50 (dispersed to continuous)-flow rate in µl/h unit- and DC voltages in 

the range between 0 to 500 V are considered. The xanthan gum solutions show a shear-thinning behavior, with a 

zero-shear viscosity of about 460 mPa.s for the highest concentration employed. In each case, the average 

equivalent droplet diameter is determined based on high-speed video microscopy, using a sample of at least 30 

droplets. The results can be summarized as follows: 

In absence of electric field, for both flow rate ratios, droplets form in somewhere between squeezing and dripping 

regime and the size of droplets of xanthan gum solutions are larger than that of water, especially for the flow rate 

ratio, φ, of 20/50. Also, there is not much difference in size of droplets of the xanthan gum solutions when 

concentration increases. 

The electric field leads to a significant reduction of the droplet diameter. A reduction by about a factor of 2 is 

achieved for water droplets. At sufficiently large electric field, the transition from almost squeezing to dripping 

regime occurs.     

For water or for the case of comparative small ratios of the disperse and the continuous phase flow rate, the 

droplet size shows a rapid decrease at small electric fields, whereas it only shows a weak dependence on the 

electric field strength at larger fields. In the dynamic range considered, the electric stress has about the same 

effect on the droplet size as the hydrodynamic stress in the absence of electric fields. The electric field may be 

used to actively control the size of individual droplets, allowing to produce a stream of droplets with a tailor-made 

size sequence. 
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5 On-demand generation of droplets and their use in 
biological applications  

 

 

     

5.1 Introduction 
 

Droplet-based microfluidics has attracted many researchers from different research backgrounds since its 

applications spread over a wide spectrum of research disciplines such as engineering, chemistry, physics and 

biology. It is basically concerned production of droplets in small scales using either independently passive and 

active techniques or their combination. T-junction and flow-focusing are two most popular schemes used for 

droplet generation in the continuous mode [118]. A part from such passive droplet production schemes, often 

temperature [92], acoustic, magnetic [94] or electric fields [27,95,124] are used to control the droplet production. 

Droplets can either be produced in a continuous stream or on-demand. 

When the task is to produce a droplet at a certain time at a specific location, or when samples that are 

only available in smallest amounts need to be processed, the on-demand production of droplets is 

favoured over the continuous process. In this case, the primary goal is not to perform a highthroughput 

screening operation, which means that the droplet production rate is only of secondary importance. 

Typical applications in that context require outcomes of sample preparation steps to be wrapped into 

droplets. One example is the processing of droplets containing the products of an electrophoretic 

separation step [125]. Another example is transferring the product of a fluorescence-activated cell sorting 

step into droplets [126]. 

Drop on-demand droplet generation, which implies to production of a single droplet within an immiscible phase, 

has been meagerly explored. The most widespread scheme for the on-demand production of droplets in 

microfluidic devices is based on pressure pulses. In that context, a number of systems have been presented that 

differ in the microchannel architecture and the method by which the pressure pulse is applied. That way, 

production of droplets with volumes ranging from femtoliters to nanoliters has been demonstrated. In this 

regards, to generate femtoliter droplets on demand in a microfluidic and optical system, Lorentz et al. [127] used 

a microinjector to withdraw the aqueous hemidroplet growing at the opening of a very narrow inlet channel 

connected to a chamber filled with continuous phase where the sudden pressure drop (i.e. pressure pulse) caused 

the formation of the droplets. In their earlier work [128], the same approach was utilized to form femtoliter-

volume droplets by optically polystyrene beads encapsulated. Jung et al. [129] employed a pressure regulator to 

induce a pressure pulse on a water/oil interface at the junction of a 1×1 µm2 (width×height) aqueous channel with 

a 200×18 µm2 (width×height) oil channel. With a pressure pulse of 134.5 kPa at 10 ms (4.4 kPa higher than the 

backing pressure for filling the aqueous channel and positioning the interface at the vicinity of the junction) they 

produced femtoliter droplets on demand. Zhou and Yao [130] took advantage of a modified T-junction by a nozzle, 

serving as a capillary stop, for positioning water/oil interface at the junction. They applied pulsed pressures 

(generated by a solenoid valve) in the range of ~5 to 22 kPa with different pulse durations up to 100 ms to generate 

nanoliter volume single droplets. This method was later used by them for encapsulation of the preconcentrated 

sample into droplets to eliminate diffusion and dispersion of conventionally sample preconcentration taking place 
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in continuous flow [131]. To produce droplets on-demand through pneumatically actuation, Lin and Su [132] used 

a membrane valve sandwiched between the control and flow channel at a T-junction. The membrane valve could 

block the flow channel under a constant pressure and open for a certain short time via electromagnetic actuator, 

resulting in production of the droplet volumes from 458.8 to 0.55 pL corresponding to decreasing the valve open 

time from 2.8 to 0.05 s. The same approach was also utilized for generation of droplets on-demand in some other 

studies  [122,123,133]. Xu and Attinger [134] introduced a droplet generator system based on actuation of a 

piezoelectric bimorph mounted on top of a disperse channel with a nozzle of different sizes at designed a T-

junction channel. Water droplets in hexadecane were produced down to 40 picoliter in volume by varying the 

voltage pulse shape and geometry of the chip.  

The on-demand production of droplets by electric fields is especially appealing because corresponding 

systems often do not require any moving parts. The electric actuation can be accomplished in different ways 

such as by electrowetting on dielectric (EWD) and electric field pulse etc. For instance, the principle of 

electrowetting on dieletric (EWOD) can be utilized for producing droplets on demand by employing the 

local contact angle variation of an aqueous liquid wetting an array of microelectrodes [135,136]. Cho et 

al. [135] built a digital microfluidic circuit working based on electrowetting principle, which was able to create, 

transport, cut and merge liquid droplets in contact with air. To do so, they evaporated the control electrodes of 

chromium and platinum on a glass substrate covered with Oxide and Teflon (a dielectric) layers and deposited IOT 

on another glass slide covered with Teflon. The aqueous liquid was then confined between these two glass parallel 

plates. Making use of 7 discrete control electrodes, a liquid droplet of 270 nL in volume was pinched off from a 

large reservoir droplet (2~3 L in volume) by activating the electrodes in sequence. Using the same technique, 

Srinivasan et al. [136] produced KCl droplets of ~ 20 nL in 1 cSt silicone oil from an on-chip reservoir at 50 V by 

tuning an array of electrodes. Gu et al. [137] combined EWOD with the hydrodynamic control of a flow-focusing 

device to produce droplets on demand through applying AC Pulse.    

Droplet production from Taylor cones forms the foundation of the work reported in this chapter. When an electric 

field is applied to the interface of an aqueous liquid and a dielectric fluid, above a threshold field strength, the 

interfacial tension forces are no longer strong enough to balance the Maxwell stress, which results in the ejection 

of a jet of the aqueous phase decaying into droplets. Taking advantage of this technique, He et al. [138,139] used 

electric field pulses to generate femtoliter droplets on demand based on that principle. Recently, Chen et al. [140] 

produced subfemtoliter droplets on demand by combining flow focusing with droplet ejection from Taylor cones. 

Apart from that, a few rather exotic principles have been applied to produce droplets on demand in 

microfluidic devices. Park et al. [141] applied a pulse laser of 100 µJ at various pulse durations to a phosphate-

buffered saline buffer as a disperse phase, which injected droplets with volume in the range of picoliters into a 

channel filled with corn oil. Demirci  [142] designed an acoustic-based 2-D micromachined microdroplet ejector 

array that enabled the generation of droplets in air in on-demand and continuous modes of operation (for 

example, 28 µm in diameter isopropanol droplet was ejected upward into the air at 1 kHz). Collins et al. [143] 

integrated an interdigital transducer producing surface acoustic waves in a T-junction microfluidic device and were 

able to eject water droplets of picoliter volumes into an olive oil medium within the time scale of several to 

hundreds milliseconds. 

The miniaturization of biological assays has become a desired feature in many biological research areas [144]. 

Especially attractive in this context is the generation of droplets, which when produced in a high-throughput 

format allows the screening of very large parameter spaces, which represents inherent characteristics of biological 
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systems. Droplet-based systems have enabled a plethora of new applications ranging from medical diagnostics 

tests [145] to systems and synthetic biology [146]. Microfluidic-based, monodisperse droplet generators allow the 

formation of femto- to picoliter droplets [147,148], which can be used to compartmentalize in vitro reactions. This 

represents a cell-like biological quality and, as a consequence, has been used to study biomolecular binding 

reactions [149], enzyme reactions [150] and other real-time scenarios. Individual droplets containing single 

molecules have successfully been used in emulsion polymerase chain reactions [151] and have been tested in 

single cell sequencing experiments [152]. The reduction the reaction volume down to nanoliters not only reduces 

reagent costs, but also avoids amplification and recombination artifacts [153], in addition to simplifying the 

integration with other on chip”-devices. Droplet systems have also been used in directed in vitro evolution 

experiments [154] and have been applied analyze protein/protein [155] and protein/nucleic acid interactions. 

Because of the efficient mixing of reactants in the droplets, these reactions proceed in a precise and quantifiable 

fashion, which can be used to extract high quality time-resolved kinetic data [156]. Finally, water-in-oil droplets 

have recently been used as a promising tool to investigate cell/cell-communication in three-dimensional tissue-

like materials [157].  

In this chapter, the principle of drop on-demand production from Taylor cones is further explored. Through 

extensive parameter studies, it is demonstrated that this principle may not only be applied to liquids with 

viscosities close to that of water, but also to highly viscous solutions with a zero-shear-rate viscosity roughly 14 

000-times higher than that of water. This is especially relevant for biological fluids, which invariably contain high 

concentrations of cosolutes including biopolymers such as proteins and nucleic acids. Further, the parameter 

space in which monodisperse droplets can be produced on-demand in terms of the electric pulse amplitude, pulse 

duration, and the salinity of the solution is explored. By deliberately choosing a specific parameter combination, 

droplets of a specific size can be produced. Finally, their use as biochemical reaction compartments is 

demonstrated. 

    

5.2 Experimental set-up 
 

Figure 5.1 depicts the schematic of the microfluidic device. As shown, a T-junction microchannel with a 

constriction at the junction which controls the position of liquid-liquid interface and a separate U-shaped 

microchannel in front of the junction comprise the microfluidic device. The water-filled U-channel, a part of which 

is directed parallel to the main channel of the T-junction, is served as an electrode through connction to one of 

the power supply port. The other port of the power supply is connected to the inlet of the disperse channel, served 

as another electrode. The disperse-phase liquid is introduced into the T-channel from one inlet where it partially 

displaces the continuous phase that is filled into the channel from the other inlet. The channels have a height of 

20 µm, and the other dimensions are specified in Figure 5.1. 
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Fig 5.1 Schematic of the experimental setup. Reprinted with permission from [158]. 

 

To fabricate the microfluidic device, the soft lithography protocol is used. A SU-8 photoresist structure on a silicon 

wafer, purchased from Microchem, is used as a mold for the device. First, polydimethylsiloxane (PDMS), 

purchased from Dow Corning (Sylgard 184 Silicone Elastomer), is mixed with the cross-linker in two different ratios 

of 10:1 and 20:1. Then the 10:1 PDMS/cross-linker mixture is poured onto the master structure and cured at 75 

°C for 40 min, which results in a thick layer of PDMS containing the microchannels. The 20:1 PDMS/cross-linker 

mixture is spin coated on a glass slide at 2000 rpm for 30 s and cured for 10 min at 75 °C to form a sticky thin layer 

of PDMS. After the holes are punched for inlets and outlets into the thick PDMS layer, it is gently brought in contact 

with the glass slide covered by the thin PDMS layer. The assembly is cured overnight at 75 °C, which results in a 

microfluidic chip with channel walls fully made of PDMS. This fully PDMS structure would render the microchannel 

hydrophobic whose resulting low wettability facilitate the generation of droplets.  

Polytetrafluoroethylene (PTFE) tubing is used for connecting the microfluidic chip to 1 mL syringes (B. 

Braun Medical Inc.) filled with the disperse- and the continuous phase liquids. The tubing is connected to 

the PDMS inlets using metallic needles, which are connected to the power supply. A high voltage 

sequencer (LabSmith HVS448) is employed as the power supply to provide the desired voltage pulse. A 

high-speed camera (Redlake Motion Pro Series Y) is mounted on an inverted microscope (Nikon Eclipse 

Ti) to image the fluid dynamics inside the channels. After the microchannels have been filled with the 

continuous phase using capillary suction, the disperse phase is introduced using a syringe pump (KD 

Scientific Inc.).  
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To quantify the products of the biomolecular reactions, fluorescence microscopy is employed. For this 

purpose, a Nikon Ti Eclipse microscope with a Lumencor SPECTRAX light source is used. 

            

5.3 Materials 

 

5.3.1 Materials used for non-biological experiments 

 

The working fluids in the experiments are water and aqueous polysaccharid solutions (xanthan gum solution) as 

the disperse phase and 1000 cSt Silicone oil AP (purchased from Sigma-Aldrich) as continuous phase. If not stated 

otherwise, all disperse-phase liquids contain 17 mM (0.1% wt/v) of NaCl salt. To prepare polymer solutions, the 

xanthan gum powder (from Xanthomonas campestris), purchased from Sigma-Aldrich, in different amounts are 

dissolved in water at 40 °C by aid of a magnetic stirrer for some hours, resulting in xanthan gum solutions with 

concentrations of 0.5, 1, 2 and 3 g/l. The rheological behaviours of xanthan gum solutions has been reported in 

the literature and can be fitted by a number of well-known models [113]. The dissolution of xanthan gum powder 

in water not only makes the viscosity shear-rate dependent but also significantly increases the viscosity of the 

solutions at zero shear rate [159]. For example, at zero-shear, the 3 g/l solution has a viscosity of about 13.9 Pa.s.   

The interfacial tensions between the aqueous phases and the oil phase are measured by a drop and 

bubble shape tensiometer (PAT-1, Sinterface Technologies, Germany). The measurements show that the 

interfacial tension does not significantly change upon addition up to 3 g/L of xanthan gum into water. The 

obtained value (~35 mN/m) is consistent with literature values [116]. The viscosities of water and the 1000 

cSt Silicone oil AP are about 1 and 1000 mPa∙s, respectively.  

 

5.3.2 Materials used for biological experiments1     

 

Plasmid-DNA (pBESTOR2-OR1-Pr-UTR1-deGFP-T500; Addgene #40019) for the cell-free 

transcription/translation (TX/TL) reactions inside the droplets is isolated by anion-exchange 

chromatography on silica NucleoBond Xtra columns (Macherey-Nagel). DNA concentrations are 

determined by UV-absorbance measurements at 260 nm. Cell-free TX/TL-reactions are performed using 

an E. coli-based TX-TL-competent protein extract (myTXTL, Arbor Bioscience). In vitro transcription 

experiments inside the droplets are conducted using PCRassembled DNA-fragments containing the 

sequence of the T7 promoter and the coding sequence of the iSpinach aptamer. All DNA-primer 

sequences are listed in Appendix Table A1. PCR fragments (50 nM) are purified (Monarch NA purification, 

NEB) and added to a transcription mix containing 2 mM of each NTP, 25 mM MgCl , 40 mM Tris-HCl pH 

8.0, 5 mM DTT, 1 mM spermidine, 20 nM of DFHBI, and 70 µg/mL T7 RNA-polymerase. Reactions are 

incubated and microscopically monitored at 37 °C (TX-reactions) and at 29 °C (TX/TL reactions).      

 

                                                           

 
1 This part has been performed by François X. Lehr and Prof. Ulrich Göringer in context of a collaborative research project 
managed by the CompuGene project.  
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5.4 Experimental procedures  

 

Seeing as the oil wets the channel wall better than aqueous phase, if pumping the disperse-phase liquids is 

stopped, the aqueous liquids recedes toward the inlet accompanying with a significant distortion of interface 

shape, leading to failure in performing experiments. On the other hand, as repeatability and maintaining the 

identical initial experimental conditions are concerned, it is important to perform the experiments when the 

position and shape of the meniscus for all disperse phases are the same. Accordingly, during the droplet-

formation experiments, the syringe pump providing the disperse-phase fluid was running. The 

corresponding backpressure together with constriction at the junction, which was acting similar an exit 

valve, enabled keeping the aqueous liquid/oil interface at a desired location where it becomes exposed 

to the electric field originating from the U-shaped channel. The equilibrium contact angle of all aqueous 

solutions without electric field were the same (at around θ0~150), indicating the same meniscus curvature (or 

radius) for all disperse liquids and an evidence to setting the same initial conditions.  

The high voltage sequencer device is used to create a voltage pulse of several hundred volts with a 

duration of some milliseconds. At the beginning of an experiment, the main channel is filled with silicone 

oil. Then, by switching on the disperse-phase pump, the oil in about half of the channel is displaced by 

aqueous solution, which results in a stationary liquid/liquid interface close to the junction. Subsequently, 

a voltage pulse is applied, and the jet formation and droplet pinch off are recorded by the high-speed 

camera at frame rates of 1000 fps or 4000 fps. The visible area of the generated droplets, A, is measured 

using the ImageJ software (National Institute of Health, USA), and the droplet diameter is calculated by 

the equation D=(4A/π)½. For each case, the experiments are repeated several times to compute the 

average droplet diameter and its standard deviation. 

                

5.5 Results and discussion 

  

5.5.1 Electric field distribution 

 

Before the experimental results on droplet production are analyzed, it is instructive to study the electric 

field distribution between the liquid/liquid meniscus and the U-shaped channel. For this purpose, the 

electrostatic potential is computed numerically using the commercial finite-element solver COMSOL 

Multiphysics. For simplicity, a two-dimensional model is set up, which treats the aqueous phases filling 

the U-shaped channel and partially filling the main channel as conductors. These are visible as white areas 

in Fig. 5.2. Consequently, the tangential component of the electric field vanishes at the surface of the 

white areas. The relative dielectric permitivities of the PDMS substrate and silicon oil are about 2.8 and 

2.9, respectively. The inset of Fig. 5.2 shows a microscopy image of the liquid/liquid meniscus. The electric 

field distribution is obtained by solving the Laplace equation, that is, Δϕ = 0, with ϕ being the electric 

potential. The U-shaped channel is modeled as an isopotential surface with vanishing potential, and the 

electric potential at the surface of the water finger in the partially filled main channel is set to 400 V. At 

the other boundaries of the computational domain, a vanishing normal component of the electric field is 

imposed. An unstructured mesh of triangular elements with quadratic shape functions is employed. It is 

ensured that the results obtained are virtually grid independent. 
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The resulting electric field distribution is shown in Fig. 5.2. The color map indicates the magnitude of the 

electric field strength in V/m. The lines are the electric field lines, and the vectors indicate the electric 

field vectors at the surface of the conductors. It is clearly visible that the maximum electric field strength 

is found at the circular-arc shaped liquid meniscus close to the lower channel wall (adjacent to the U-

shaped channel). This is the position where it is expected the liquid-liquid interface to break down, that 

is, to form a Taylor cone from which droplets emerge.  

 

 

 
 

Fig. 5.2. Electric-field distribution around the water finger in the main channel. The color map indicates the electric field 
strength in V/m; the lines are electricfield lines. The inset shows a corresponding microscopy image of the water 
finger. Reprinted with permission from [158].  

 

 

5.5.2 Dynamics of Droplet Formation 

 

One of the major challenges related to droplet production in microchannels is the droplet size distribution. On the 

one hand, a uniform droplet size is desired. On the other hand, while the production of droplets with volumes in 

the pico- or nanoliter range is well established, producing femtoliter droplets still poses some challenges. The 

challenges are related to the fact that in most microfluidic droplet generators, the droplet size is larger than the 

scale of the geometric features of the microchannels, which translates to very small features in the case of 

femtoliter droplets. So far there are two major technologies allowing to generate droplets significantly smaller 

than the smallest geometric scale, flow-focusing, and electrospray technology. 

In flow focusing, the diameter of the liquid jet from which droplets are produced is reduced by the sheath flow of 

a second immiscible fluid [160]. Electrospray technology relies on the formation of Taylor cones [44,161]. The 

effect of electric field on liquid interface was investigated in pioneering study of Zeleny [161]. It was later explained 
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by Taylor [44] who introduced the Taylor cone. A Taylor cone results from the deformation of the surface of a 

conducting liquid to which an external electric field is applied. Up to a critical value of the electric field strength, 

a static deformation of the liquid surface is observed, which results from the balance of Maxwell and capillary 

stresses. When the critical value of the field strength is exceeded, a jet emerges that decays into small droplets. 

The electrospray approach was reconsidered by the group of Daniel T. Chiu as a method to produce small droplets 

inside microfluidic channels [138]. Employing electric-field pulses, they demonstrated the on-demand generation 

of droplets significantly smaller than the channel dimensions.  

Herein, a configuration inspired by their work to produce droplets by electric-field pulses has been used. Figure 

5.3 shows time lapse images of the droplet production process taken at a frame rate of 4000 fps. Compared to 

Figure 5.1, the frames are rotated by 90°. Water is used as the liquid from which the droplets are produced, the 

second liquid is silicon oil. The pulse amplitude and duration are 400 V and 10 ms. When the voltage pulse starts, 

the liquid-liquid interface exhibits a Taylor-cone-like structure protruding quickly into the medium oil, forming a 

relatively short liquid jet. Once the pulse is terminated the liquid/liquid interface recedes to its initial position after 

some miliseconds, leaving behind a single droplet with a diameter of about 8 µm. The jet is much shorter than the 

one reported in the literature [138] at the instant when the droplet is produced. This is due to the special 

asymmetric structure of the electric field, shown in Figure 5.2. The electric field strength at the liquid/liquid 

interface is maximal in close vicinity of the channel wall. This is the position where the interface becomes unstable 

and the jet emerges. However, because of the proximity of the channel wall, the jet does not grow to a significant 

length before the droplet pinches off. This is presumably the reason why a much more uniform droplet size 

distribution than reported in [138] is obtained.  

Apart from electric field effect on the droplet generation on-demand, the pressure difference in fluids can play a 

prominent role as reported by Chen et al. [140] and He et al. [138]. He et al. [138] furthermore pointed out that 

some other factors may come into play such as the displacement of the external silicone oil phase by the aqueous 

jet and wetting/dewetting interaction of wall with the working fluids, in addition to the backpressure, electric 

Maxwell and surface/interfacial tension force. It is again worthy note that the liquid-liquid interface is kept at the 

same position during all experiments to ensure the same initial conditions (besides the same meniscus shape) for 

all disperse-phase liquids. However, experiments show that there will be insignificant effect on the size of droplets 

if the interface moves fast forward, which could be due to the much faster process of the droplet production with 

respect to the interface motion. In addition, the electric fields should be the same for even moving interface case 

as the length of the U-shaped channel (U-shaped electrode) is long enough. The sequential images of droplet 

generation of xanthan gum solutions do not present any new insights compared to those of water and therefore, 

they are not displayed here to avoid repetitions. 
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Fig 5.3 Time-lapse images of the on-demand production of a water droplet using a voltage of 400 V and pulse duration of 10 
ms. The numbers below the individual frames denote the time in milliseconds. Reprinted with permission from [158].  

 

 

5.5.3 Droplet Size Distribution 

 

Since the uniformity of the droplet size distribution is a key feature of a microfluidic droplet generator, systematic 

studies with different liquids for the droplet phase is essential. Biological fluids often contain proteins, DNA, and 

other polymers, resulting in a significant increase of the viscosity. To study the influence of viscosity, experiments 

with aqueous solutions of xanthan gum are performed. Xanthan-gum solutions show a shear-thinning behavior, 

that is, the viscosity decreases as a function of the shear rate. Experiments with liquid/liquid systems in which one 

of the phases is a xanthan gum solution have the advantage that the dissolved polymer leaves the interfacial 

tension largely unaffected, such that the viscosity and the interfacial tension can be varied independently. The 

viscosity values given in Table 5.1 are the values at zero shear rate obtained from the literature [159], where, 

different from our experiments, desalinated water is used as a solvent. Since an indication of the order of 

magnitude of the aqueous-phase viscosity is intended, it is sufficient to refer to the literature results. The 

experiments with different aqueous phases are performed with a pulse amplitude of 400 V and a pulse duration 

of 10 ms. Table 5.1 displays the properties of the different aqueous-phase liquids and the corresponding average 

droplet diameters obtained, together with the standard deviations of the droplet diameter. The average is 

obtained from at least 25 independent measurements for water and at least 10 measurements for each xanthan-

gum solution. Overall, the standard deviation of the droplet diameter is sufficiently small, that is, our method 

allows generating uniformly sized droplets. Increasing the viscosity of the aqueous phase slightly reduces the 
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average droplet diameter, where for viscosities above 6×102 mPa.s, hardly any change in the droplet diameter is 

observed. Remarkably, even for zero-shear rate viscosities 104-fold higher than that of water, still droplets with a 

size distribution comparable to that of water droplets are produced.  

 

Table 5.1 Average droplet diameter and standard deviation of droplet diameter for aqueous-phase liquids containing 
different concentrations of xanthan gum. The viscosity values are the zero-shear literature values [159]. 

 

Xanthan gum 

concentration [g/l] 

Zero shear rate 

viscosity [mPa∙s] 

Average droplet 

diameter [µm] 

Standard deviation of 

droplet diameter [µm] 

0 1.01 8.3 0.7 

0.5 6.00×102 6.9 0.8 

1 1.46×103 6.9 1 

2 3.59×103 6.5 0.8 

3 1.39×104 6.6 0.5 

 

 

Notably that in electrostatic point of view, there is no difference between water and the other xanthan gum 

solutions when it comes to the critical voltage required to deform the interface. Because, firstly the interfacial 

tension between all the disperse phase liquids (i.e. water and xanthan gum solutions) and the silicone oil are more 

or less the same at about 35 mN/m. Secondly, the curvatures of the menisci of all xanthan gum solutions are 

almost the same as that of water before applying any electric fields. Therefore, it can be deduced that the voltage 

at which the liquid-liquid interface starts deformation should be identical for all disperse phase liquids. The 

experimental observations confirmed this hypothesis. It was observed that for all disperse liquids for a given 

voltage amplitude the same pulse duration (or vice versa) is required to start deformation onset of the interface, 

although the size of produced droplets of xanthan gum solutions are different from that of water due to their 

different dynamic behaviors.  

For any microfluidic droplet generator, the question arises which parameters need to be varied to tailor the 

droplet size. One option would be to vary the height of the channel in which the droplets are produced. Some 

experiments were conducted with water in channels of half the height (10 µm) of the standard channels and found 

the average droplet size to be reduced by a factor of 2.4. 

Comparing the present results on the droplet size distribution with the results reported in the literature [138], it 

does not observe a broad size distribution with a bimodal structure, but a largely monodisperse size distribution. 

Figure 5.4 shows the size distributions for water (blue filled bars) and for the xanthan gum solution at a 

concentration of 3 g/L (red open bars). Previously, the formation of satellite droplets was reported [138]. As 

already indicated, it is hypothesized that the proximity of the wall limits the extension of the liquid jet and has a 

positive effect on the droplet size distribution, whereas in previous studies [138] the jet grows to a significant 

length before it decays into droplets. However, obtaining a monodisperse size distribution requires working in the 

right domain of the parameter space spanned by pulse amplitude and pulse duration, as will be shown in the 

following chapter. 
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Fig 5.4 Droplet size distribution for water (blue filled bars) and 3g/L xanthan gum solution (red open bars). The data were 

normalized such that the integrals of the two histograms are the same. Reprinted with permission from [158]. 

 

 

5.5.4 Droplet Formation Regimes 

 

The results reported so far are obtained in a domain of the parameter space in which single, virtually 

monodisperse droplets are produced. However, there are other domains in which different phenomena are 

observed. For applications of the method described in this chapter, it will be important to know how material and 

process parameters influence the results and in which domains one should work to obtain single droplets of 

uniform size. 

For this purpose, parameter studies with water droplets containing different amounts of NaCl are performed. The 

pulse amplitude is kept fixed at 400 V, and the pulse duration is varied. The results are displayed in Figure 5.5(a), 

outlining the different dynamic regimes. While black filled circles indicate the absence of droplet formation, open 

circles show the formation of multiple (≥2) droplets. Between these two regions lies an area where the on-demand 

production of single droplets is possible (colored circles). The different colors denote average droplet sizes. It can 

be seen that for the majority of NaCl concentrations, there is a pulse duration range that enables the formation 

of single droplets. Lower pulse durations result in no droplets, higher values in multiple droplets. At salt 

concentration ≥1 mol/L, the production of single droplets becomes impossible. Figure 5.5(b) captures the dynamic 

regimes in the case that the pulse amplitude and the pulse duration are varied. The higher the pulse amplitude, 

the narrower the regime in which single droplets are formed. However, there is a threshold below which droplet 

formation is no longer possible. This lies between 300 and 325 V. Of course, the voltage amplitudes are specific 

for the design and the dimensions of the system outlined in Figure 5.1. Rather than the voltage, it is the electric 

field strength that determines the physical response of the liquid-liquid interface. Figure 5.5(b) also indicates that 
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varying the pulse amplitude presents an option to tailor the droplet size. Achievable droplet diameters range from 

3 µm (violet) to 9 µm (red). The significance of the yellow symbol at 450 V is limited, since at that voltage the 

range of pulse durations in which single droplets are produced is already very narrow. Discarding the yellow 

symbol, the trend is that as pulse amplitude increases, the droplet diameter increases. 

 

 
 

Fig. 5.5 Droplet formation regimes for water. (a) For varying pulse duration and NaCl concentration at a pulse amplitude of 
400 V. (b) For varying pulse duration and amplitude with 17 mM NaCl. Black filled circles indicate cases where no 
droplets are produced, the open circles denote the formation of multiple droplets. Gray filled circles indicate 
situations in which only in a part of the experiments a droplet was formed. The different colors encode the droplet 
diameters. Reprinted with permission from [158].  

 

Figure 5.6 shows the images of multiple droplets produced when the pulse duration is larger than the one required 

for producing a single droplet at a voltage of 400 V. It is vivid that when the pulse duration exceeds the limit for 

single droplet production (i.e. 10 ms for a voltage of 400 V), the multiple droplets (marked with red circles) 

produce such that the number of droplets expectedly increases with the pulse duration. For the voltage of 400 V 

with duration of 10 ms, a very tiny satellite droplet is rarely formed along with the main single droplet, defining 

the upper limit of the single droplet on-demand.  
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Fig. 5.6 Images of the droplets produced at 400 V for the case where the pulse durations are larger than required for single 
droplet production (at 10 ms here) for pulse duration being as i) 11 ms ii) 15 ms and iii) 100 ms. 

 

 

5.5.5 Biological applications: Droplets as Biological Reaction Compartments2 

 

5.5.5.1 Biological protocol and fluorescence Imaging and analysis 

 

Cell-free TX/TL-reactions inside the droplets are started by adding the deGFP-gene containing plasmid 

(pBEST-OR2- OR1-Pr-UTR1-deGFP-T500) to a myTXTL master mix at a final concentration of 5 nM. The 

reagents are mixed and prewarmed to 29 °C before being injected into the microfluidic device. 

Microscopic imaging is conducted at a constant temperature of 29 °C. To quantify the reaction product 

inside the droplets, the autofluorescence of the synthesized deGFP (λex 485 nm, λem 520 nm) is 

measured using fluorescence microscopy. Measurements are performed in 15 min intervals over 2 h using 

an exposure time of 500 ms. For quantification of the same reaction in the bulk, clear-bottom 384-well 

plates containing cell-free myTXTL master mix (10 µL) and plasmid DNA (114 ng) are analyzed using a 

PHERAstar FSX microplate reader (BMG Biotech). Measurements are performed at 29 °C for 5 h to obtain 

a readout of the deGFP-fluorescence every 5 min. 

                                                           

 
2 This part has been performed by François X. Lehr and Prof. Ulrich Göringer in context of a collaborative research project 
managed by the CompuGene project. 
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5.5.5.2 Biological results 

 

Having demonstrated that the method described above allows the generation of single femtoliter-size 

droplets in a reproducible manner, it suggests itself to use the droplets as reaction compartments. An 

important potential application in the field of synthetic biology is seen. Synthetic biology utilizes artificial 

genetic circuits, that is, transcription-translation systems are key components in that context. An 

important challenge is to bridge the gap between in vivo implementations of artificial generic circuits (for 

example based on yeast cells) and their in vitro counterparts. Therefore, it is important to formulate in 

vitro implementations that mimic the implementations in biological cells. In that context, our drop-on 

demand generator brings along at least two key advantages. First, it allows creating biological reaction 

compartments with a size comparable to that of yeast cells, one of the most frequently used cell types in 

synthetic biology. The comparable size translates to a comparable number of biologically relevant 

molecules. That way, it becomes possible to mimic the stochastic behavior of biological cells. Second, it 

allows to mimic the crowding characteristic for biological cells. The interior of biological cells is densely 

packed with different molecular species, effectively providing a highly viscous environment. As apparent 

from Table 5.1, it is demonstrated the creation of droplets with a viscosity more than 104-fold higher than 

that of water. 

To begin with, two of the most fundamental biochemical reactions inside the droplets are performed: 

gene transcription and mRNA-translation. For that an Escherichia colibased cell-free transcription-

translation (TX-TL) system [162] is used in which a plasmid encoding a gene variant of the enhanced green 

fluorescent protein (deGFP) is first transcribed into mRNA and subsequently translated into protein. 

deGFP represents a start codon-optimized version of the enhanced (e)GFP, and its synthesis and bioactive 

folding can be monitored by the autofluorescence of the protein [163]. The synthesis of deGFP is analyzed 

in a time-dependent manner, and the product of the reaction when performed at standard (“bulk”)-

conditions in a microliter volume (10 µL) is quantified in Fig. 5.7(a): eGFPfluorescence starts at roughly 30 

min.  

The protein concentration is a linear function of time up to 1 h and reaches a plateau roughly at 3 h. The 

TX-TL reaction mix is enclosed in aqueous droplets after 60 min of “bulk” reaction (arrow in Fig. 5.7(a)) 

using the method described in the previous sections. Droplets with diameters between 3 and 8 µm are 

tested, corresponding to droplet volumes between 20 fL and 300 fL. As an example, Fig. 5.7(b) shows 

micrographs of the fluorescence signal of a 5.1 µm diameter droplet at three different points in time. A 

representative fluorescence signal of deGFP averaged over 23 droplets is shown in Fig. 5.7(c). The 

individual fluorescent traces of all droplets from which the average fluorescence curve (figure 5.7) was 

obtained are presented in Appendix Fig. A1. While the negative control containing no DNA template 

shows no traceable signal over the entire time interval, the fluorescence signal in the droplets increases 

over 2 h. A fast increase within the first 15 min is followed by a slower increase thereafter. As expected 

and previously demonstrated [164,165], the data show a high statistical variance, likely due to the 

stochastic repartition of plasmid DNA and TX-TL-extract components [166] in the small reaction volumes. 

In that sense, the droplets perfectly mimic the stochastic behavior of single cells [167].  
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Fig. 5.7 On-demand droplets as biological reaction compartments.(a) Signal from the bulk TX-TL reaction generating 
autofluorescentdeGFP-protein. (b) Microscopic images of a single droplet containingthe cell-free TX-TL reaction mix 
at 0, 60, and 120 min of incubation.Scale bar: 2.5μm. (c) Plot of the time-dependent accumulation ofdeGFP. Data 
points in black represent the average obtained fromn=23 droplets. Gray curve: control experiment in the absence 
of plasmidDNA (n= 3). Error bars are standard deviations from the mean. Reprinted with permission from [158].  

 

 

As an additional biologically relevant experiment, it is tested whether low-molecular mass ligands can 

diffuse across the oil-water interface to bind to a cognate receptor molecule and execute a biochemical 

switch. For this an in vitro transcription reaction within the droplets to synthesize the “light-up” RNA 

aptamer iSpinach [168] is set up. iSpinach is a synthetic, intricately folded small RNA-molecule that can 

bind to low molecular mass compounds such as 3,5-difluoro-4-hydrox-ybenzylidene imidazolinone 

(DFHBI). RNA-binding triggers DFHBI to fluoresce. The fluorophore is solubilized in the oil phase inside the 

microfluidic device. About 2-3 min after droplet formation, the droplets start to fluoresce, reaching a 

stable plateau after 30 min. Representative fluorescence micrographs of a 5.9 µm diameter droplet at 

different time points are shown in Fig. 5.8(a). Figure 5.8(b) displays the averaged fluorescence intensity 

as a function of time from a sample of nine droplets. As before, the strong electric field required for 

droplet formation does not adversely affect the bioactive structure of the biomolecules, in that case the 

polyanionic RNA molecules. Similar to the case of the TX-TL system, this reinforces the compatibility of 

the droplets produced using the method described above with biomolecular reactions. 
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Fig 5.8 Droplet uptake experiment. In vitro transcription of iSpinach RNA-aptamers inside aqueous droplets. Diffusion of the 
fluorogenic DFHBI-ligand from the surrounding oil-phase into th edroplet results in the formation of iSpinach RNA-
aptamer/DFHBI complexes, which can be detected by their green fluorescence (λem473 nm). (a) Time-lapse 
microscopic images (0, 10, 30 min) of a 108fL droplet expressing the iSpinach RNA-aptamer. Scale bar: 3μm. (b)Plot 
of the time-dependent formation of green fluorescent iSpinach RNA-aptamer/DFHBI complexes. Data points in black 
represent the average from n=9 droplets. Gray curve: control experiment in the absence of DFHBI (n=3). Error bars 
are standard deviations from the mean. Reprinted with permission from [158].  

 

 

5.6 Summary 

 

The effects of electrical and fluidic properties on the production of cell-sized droplets on-demand are 

experimentally investigated in this chapter. A principle that allows the on-demand formation of aqueous 

femtoliter-volume droplets in an oil phase is demonstrated. The xanthan gum solutions at different concentrations 

(from 0.5 to 3 g/l) with a zero-shear viscosity up to several orders of magnitude higher than that of water are 

examined. They prove the employed method based on electric field pulses deforming the aqueous-oil interface 

yields similar results as in the case of water. Production of droplets on-demand is performed by applying electric 

field pulses acting on the liquid-liquid interfaces. With carefully tuning the voltage magnitude and the pulse 

duration, production of droplets on-demand is achieved. In a space spanned by the salt concentration in the 

aqueous phase and the amplitude of the voltage pulse, the single droplet regime is delimited by regimes in which 

no droplets or multiple droplets are produced. The same is true in the space spanned by the pulse duration and 

the pulse amplitude. Varying the pulse amplitude allows tuning the droplet size.  

To demonstrate the applicability of the electric-field-driven droplet generator, it is showed that the 

droplets can be used as versatile biological reaction compartments. First, it is demonstrated that droplets 

containing a cell-free transcription-translation system execute gene transcription and protein 

biosynthesis in a timely and programmable fashion. Second, it is verified that biomolecules inside the 

aqueous droplets such as small RNAs can be diffusionally activated from the outside to induce a ligand-



   
  

49 
 
 

driven biochemical switch. As such, the droplets mimic defined cell-like characteristics, making the on-

demand droplet generator a promising tool for a variety of (bio)molecular studies including high-

throughput screening experiments. 
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6 Electrical manipulation of droplets generated on-
demand: Coalescence, non-coalescence and partial 
coalescence 

 

 

6.1 Introduction  

 

In fluidic multiphase systems where immiscible fluids are in contact, electrically induced motion of a conducting 

phase through a non-conducting medium can produce intriguing phenomena spanning from liquid transport and 

patterning features [169] to droplet manipulations [170]. In a wide spectrum of applications, in particular for 

microfluidic applications, such as ink-jet printing [171], electrospray ionization [172], electrowetting [173] and 

microfluidic-based droplet manipulation [27], electric field evinces the realm of control and manipulation. Since 

long time ago, the electric field has been used as a driving force to bring a droplet in contact with a second droplet 

or an aqueous interface instigating coalescence, non-coalescence or partial coalescence. A briefly introduction is 

given in the following. 

 

6.1.1 Coalescence and non-coalescence 

 

A pair of uncharged aqueous droplets when subjected to an electric field, each droplet polarizes (and creates a 

dipole) and coalesces with the neighboring droplet by a dipolar interaction [174], which the process takes drop 

approach, film drainage, and film rupture and eventually coalescence steps [175]. Nevertheless, the repulsive 

interaction and thereby moving droplets away from each other has been observed in some cases where the line 

joining of the center of a pair of uncharged drops made a certain angles with respect to the electric field direction 

[176]. The failure in electro-coalescence was reported in application of alternating current (AC) field on a pair of 

uncharged drops inside a microchannel [177].  

Initiating the electro-coalescence of droplets is a drastic technique used in microfluidics for mixing and merging 

encapsulated chemical and/or biological entities [178,179]. The charged droplets can be generated, particularly 

in microfluidic devices, by inserting electrodes either directly in contact with the fluid streams [178] or inside 

individual separated droplets [180]. The charged droplets inherently tend to coalescence due to attraction of 

oppositely charged droplets. However, violation from this natural tendency has been reported in the seminal 

study of Ristenpart et al. [59] who showed that the oppositely charged droplets show bouncing rather than 

coalescence.  

Here, it is demonstrated the manipulation of femtoliter droplets using electric fields. The creation or manipulation 

of droplets using electric fields is proven to be a versatile scheme, for example, in electrospray technology [181] 

or in electrowetting-based devices [182]. The present version of droplet manipulation based on DC fields utilizes 

the reciprocating motion of droplets between two electrodes [60,62,63,183–185]. In this scheme, a droplet, 

electrostatically attracted by an electrode, comes into contact with the electrode surface, upon which it reverses 

its charge and direction of motion. A natural extension is to replace the solid electrode by an aqueous medium. 

The key experiment in this context was conducted by Ristenpart et al. [59]. They pipetted an aqueous microliter 
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droplet into an insulating liquid between a metallic pin electrode and an interface to an aqueous medium. Two 

different regimes are observed, depending on the parameters of the experiments (e.g., the electric field strength): 

either the droplet merges with the aqueous medium, or it bounces back, similar to that found on a solid electrode. 

Here, the scheme of droplets reciprocating between two electrodes to femtoliter droplets is extended, where 

both electrodes are liquid media. Unlike other methods for manipulating small-scale droplets, the present method 

does not require channels of a diameter similar to that of the droplet size. It is proving the controlled and selective 

addition and extraction of even smaller liquid volumes. Based on this, the handling of droplets with diameters as 

small as 2 µm becomes possible. Corresponding droplets with volumes in the femtoliter range may serve as tiny 

semibatch reactors, which is important in the context of synthetic cells. Alternatively, the method can be used to 

transfer tiny amounts of liquid in a controlled way, which represents an unconventional mode of mass transfer 

between two compartments. 

The inherent coalescing tendency of a charged droplet with another charged droplet or planar surface with 

opposite charge could be failed in some conditions. Bird et al. [186] reported that this electro-coalescence 

tendency of oppositely charge droplets fails at sufficiently large electric field strength even though the two 

droplets are in direct contact. According to their results, the recoiling occurring between two micro-liter droplets 

was found to be a strong function of the electric field strength and cone angle between the two drops. In their 

further study [59], they showed that a droplet in a large scale (of micro-liter volume), pipetted into an insulating 

medium between a metallic pin electrode and a aqueous planar surface (aqueous electrode), exhibits either 

coalescence or bouncing (non-coalescence) behaviors onto the aqueous planar surface depending on the 

governing parameters. Their results demonstrated the charged droplet bounces from the planar surface at 

stronger electric fields and higher electrical conductivities, resulting in a drop cyclic motion. Inspired from that 

study, the cyclic motion of femto-liter droplets between two aqueous reservoirs inside microfluidic chips is 

implemented, wherein the droplets are produced from the reservoirs through applying appropriate voltage 

pulses. The dynamic behavior of droplets in terms of coalescence and non-coalescence (or bouncing) under 

different electrical and fluidic conditions are investigated. As the droplet in a cyclic motion between the two 

aqueous reservoirs requires apparent contact with them for switching net charge sign, it allows transport of nano-

reagents embedded in reservoir(s) to/from droplets. Therefore, a part of the current study is focused on the 

transport and quantification of dye molecules, as a reminiscence of biological nano-reagents, to/from droplets 

that could mimic behavior of cells. 

 

6.1.2 Partial coalescence   

    

When a droplet/drop neither fully coalesces nor bounces from an interface or a droplet, there will be an 

intermediate phenomenon, called partial coalescence, at which a droplet partially coalesces with its partner. This 

could occur in both absence [187–190] and presence of an external force such as electric field [191–194]. This can 

be between two drops (drop-drop system) or a drop and an interface (drop-interface system). In absence of an 

external force, in the process, sometimes called cascade partial coalescence, the occurrence of partial coalescence 

is determined by a criterion that is Ohnesorge number (Oh), the ratio of the viscous to the inertial and surface 

tension forces. In such a case, large value of Oh displays full coalescence [192,195]. There are abundant studies 

concerning the partial coalescence without electric field, however, the partial coalescence in presence of electric 

field has been meagerly investigated in literature. Allan and Mason firstly reported the partial coalescence of a 

https://www.sciencedirect.com/topics/engineering/surface-tension-force
https://www.sciencedirect.com/topics/engineering/surface-tension-force
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drop at a flat liquid-liquid interface [192,196] in presence of electric field. They stated that the DC electric field 

intensifies the film perturbation between a drop and an interface, and the resulting daughter (or secondary) drop 

in the partial coalescence process is larger at a fixed Oh. At high Oh, the drops fully coalesced with the interface 

when there was no electric field, whereas the daughter drops emerged when a sufficiently strong electric field 

was applied. In a further study they showed that in the Stokes flow regime, a daughter droplet bears forming jet 

with fine droplets at its tip [192] if sufficiently large electric field is applied.     

Mousavichoubeh et al. [193] experimentally investigated the coalescence of aqueous droplets onto a liquid-liquid 

interface to explore the conditions at which secondary droplets are observed. They found that the primary droplet 

size, the electric field strength and the height of droplet from the interface are significant factor affecting on the 

volume of secondary droplets. In their further study, it was found that the presence of ionic and non-ionic 

surfactants accompanied with the change in the interfacial tension increases the volume of secondary droplets 

[197]. Aside from the DC electric field, the pulsatile electric field can tremendously alter the coalescence behavior. 

Mousavi et al. [194] illustrated that the partial coalescence of drop-drop and drop-interface systems is suppressed 

by application of a pulsatile electric field where the type of waveforms can influence the effectiveness of the 

suppression. A frequency threshold was also found at which a transition from the partial coalescence to full 

coalescence observes. Yang et al. [198] reported critical electric field strength required for occurrence of partial 

coalescence of droplets on oil–water interface under DC electric field, which was dependent to various parameters 

like as droplet radius, conductivity, permittivity, viscosity, oil density and interfacial tension. They later 

investigated the effects of electric waveform, frequency and surfactants on the critical electric field strength 

[199,200]. More recently, Anand et al. [201] studied the electro-coalescence behavior of aqueous droplets at a 

water-oil interface. Their experimental results revealed that a critical electrocapillary number can determine the 

transition from full to partial coalescence, whereas the transition from partial to non-coalescence was further 

dependent on Ohnesorge number as well.  

All the above-mentioned experimental studies concerned the partially coalescence of uncharged drop/droplets 

to a liquid-liquid interface. By contrast, coalescence of charged drops partially with a liquid-liquid interface has 

been rarely explored. The partial coalescence of oppositely charged drops was studied in the seminal study of 

Ristenpart et al. [59], followed by study of Hamlin et al. [202] extensively in detail. Hamlin et al. [202] reported 

that a critical ionic conductivity exists below which only a fraction of an oppositely charged drop coalesce with the 

interface. Surprisingly, the size and charge of the daughter droplets did not show any dependency to the ionic 

conductivity. Having provided explanation for the charge transfer mechanism, they stated that daughter droplet 

size is independent of the oil viscosity too.    

To purify water from crude oils or water-in-oil emulsion in petroleum industry, using electric field to electrically 

coalesce water drops is a drastic technique, and therefore, generation of daughter (or secondary) drops in this 

context is basically undesirable [197,203]. By contrast, based on the current method, if generation of smaller 

droplets from mother droplets is concerned, the existence of daughter droplets after the partial coalescence 

process is beneficial, for example for generation of droplets in nanoscale. Here, the coalescing behavior of charged 

droplets in an oil channel moving back and forth between two aqueous reservoirs of different widths are explored 

in detail. The droplets impacting the small and large reservoirs can mimic the droplet-droplet and droplet-

interface coalescence systems, respectively. The factors such as the salt concentration (i.e. ionic conductivity), the 

electric field strength and the initial droplet size are examined to see how large they affect the daughter droplet 

size. Since the droplets undergo reciprocating motions between the interfaces while simultaneously shrinking in 



   
  

53 
 
 

size, the number of cycles will be another factor, which is relatively hard to control. The employed system here 

allows the generation of submicron droplets whose sizes are challenging to measure.                 

 

6.2 Experimental set-up 

 

Experiments are performed using the microfluidic device schematically shown in Fig. 6.1. The key part of the chip 

is a cross-junction configuration. The shallow main channel is placed between two side channels of larger depth, 

to form a pressure barrier that prevents liquid from the side channels from protruding into the main channel. The 

main channel contains the oil phase, and the side channels are filled with aqueous phase. The inlet sections of the 

side channels are connected to two ports of a power supply through needles, so that the aqueous phases filling 

the side channels serve as electrodes. The width of the two side channels is different, so that the electric field 

lines are concentrated at the side channel of smaller width. This asymmetry enables droplet production through 

electric-field pulses from the side channel of smaller width. The protocol to fabricate the microfluidics device is 

identical to the one given in the previous chapter and therefore it is not mentioned here to avoid repetition.   

 

 

 
 

Fig. 6.1 Schematic of the microfluidic chip and its periphery. PDMS, polydimethylsiloxane. Reprinted with permission from 
[11]. 

 

6.3 Materials 

 

The working fluids in the experiments of non-coalescence and partial coalescence are water as the aqueous phase 

at different salinities, through the addition of NaCl, and standard silicone oils with kinematic viscosities of 500, 
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1000, 2000, and 5500 mm2/s. It should be noted that one centistokes (cSt) is equal to one milimeter2/second 

(mm2/s).  Besides 1000 mm2/s silicone oil AP is used, which is a modified version of standard silicone oils enhanced 

with phenyl groups. The silicone oil enriched with phenyl (i.e. silicone oil AP) has merits over the standard silicone 

oil, which will be discussed later. The silicone oils are purchased from Sigma Aldrich, Dow Corning, or HUDY. 

 

6.4 Experimental procedures  

 

During the experiments, the oil phase is filled into the main channel using capillary suction, i.e., the oil 

spontaneously fills the channel, since it wets the channel walls very well. By contrast, since PDMS is hydrophobic, 

aqueous liquids are introduced into the side channels via syringe pumps (KD Scientific Inc.). The pumps are kept 

running to build up a pressure head to fix the oil-aqueous interfaces at their desired positions. A high voltage 

sequencer (LabSmith HVS448) is employed as a power supply to provide pulsed and dc voltages. A high-speed 

camera (Redlake Motion Pro Series Y) is mounted on an inverted microscope (Nikon Eclipse Ti) to capture the 

behavior and motion of droplets. Fluorescence microscopy is utilized to visualize droplets containing rhodamine 

B. The same inverted microscope with a 50X objective (numerical aperture 0.8) is used to capture images of the 

fluorescent droplets in epifluorescence mode. An epifluorescence illuminator (Nikon Intensilight C-HGFI) is used 

for fluorescence excitation. An Andor iXion EM+ DU-897 EMCCD camera with 50-ms exposure time captures the 

emitted signals, and the NIS-elements software is employed for image acquisition. 

To infer the dye concentration inside the droplets, a relationship between fluorescence intensity and 

concentration is needed. For this purpose, droplets are produced from a reservoir with a known dye concentration 

and their fluorescence intensity is measured. To determine the concentration inside the droplets studied in the 

mass-transfer experiments, a linear relationship between fluorescence intensity and concentration is assumed. 

 

6.5 Results and discussion  

 

6.5.1 Coalescence and non-coalescence 

 

6.5.1.1  Time lapse images of droplet generation 

 

Figure 6.2 displays time-lapse images showing the generation of a water droplet (containing 1M NaCl) using a 

voltage pulse. The droplet is generated in 1000 cSt silicone oil AP by application of a voltage pulse of 400 V with a 

duration of 10 ms. It can be seen that the oil/water interface starts deforming upon triggering the voltage pulse. 

At the end of pulse, the electrified liquid jet reaches its maximum length, and due to the Maxwell stress exceeding 

the capillary pressure at the tip, a droplet pinches off. This is followed by the retraction of the jet. The fact that 

the droplet is created from the small reservoir can be qualitatively explained by the converging electric field lines 

and the scaling of the Maxwell stress (~E2). The droplet size can be tuned by varying the voltage pulse and 

amplitude, where the salt concentration and viscosity of the aqueous phase can play a significant role [2]. 
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Fig. 6.2 Time-lapse images of the on-demand production of a water droplet using a voltage of 400 V and a pulse duration of 
10 ms. The numbers below the individual frames denote the time in milliseconds. Reprinted with permission from 
[11]. 

 

 

 

6.5.1.2  Size distribution of the produced droplets 

 

The size distribution of the droplets produced as described in the previous section is shown in Fig. 6.3. The 

distribution corresponds to the results obtained for 24 individual droplets produced in 1000 cSt silicone oil AP, 

applying a voltage amplitude of 400 V over 10 ms. If desired, the size distribution can be narrowed down by 

carefully tuning the electric and fluidic parameters. However, in the current study this is of secondary importance. 

Referring to Fig. 6.3, the average droplet diameter is ~ 8.7 µm with a standard deviation of 1.5 µm.  

The type of silicone oil has an influence on the droplet size distribution and the reproducibility of droplet 

production. AP silicone oils have phenyl groups attached to the polymer chains. They have been reported to show 

a higher threshold with respect to dielectric breakdown as compared to standard silicone oils [204], probably 

because the generation and/or migration of charges is more efficiently suppressed. It is found that using AP 

silicone oils is important to render the droplet generation reproducible. In that case the droplet generation can 

always be achieved with the same parameters (in terms of voltage amplitude and pulse duration). However, when 

using standard silicone oils instead, memory effects are observed, i.e. the parameters needed to produce droplets 

are different for the first droplet compared to subsequent ones. Therefore, the droplets produced in standard 

silicone oils require some re-adjustment of the electric parameters. The corresponding droplets tend to be smaller 

than those produced in silicone oil AP, but because of the reproducibility issues mentioned above, their size 

distributions are not displayed.  
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Fig. 6.3 Size distribution of water droplets in 1000 mm2/s silicone oil AP, using a pulse amplitude of 400 V and a pulse duration 
of 10 ms. Reprinted with permission from [11].  

 

 

6.5.1.3  Reciprocating droplet motion between two liquid-liquid interfaces 

 

Figure 6.4 shows the key feature of the microfluidic design, i.e., the channel junction. Droplets performing the 

reciprocating motion between the two oil-aqueous interfaces are produced by applying a voltage pulse between 

the electrodes. The electro-hydrodynamic generation of droplets utilized here has been described before 

[2,138,139]. To unambiguously assign the liquid interface at which the droplets are generated, the side channels 

differ in widths. Via the concentration of electric-field lines, the liquid interface at the small reservoir experiences 

a higher electric-field strength than that at the other one, which guarantees that the droplets are produced from 

the small reservoir. In Fig. 6.4, a droplet produced that way (diameter approximately 8 µm) is visible at the center 

of the main channel.  

In the following, the left-side channel in Fig. 6.4 will be denoted “large reservoir” whereas the right-side channel 

is the “small reservoir.” When a DC voltage is switched on between the electrodes, under suitable conditions, a 

reciprocating motion of droplets (in the following referred to as ping-pong mode) sets in between the liquid 

interfaces (see Video 1 within the Supplemental Material of Ref. [11]).  
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Fig. 6.4 Microchannel junction with two side branches filled with aqueous solutions. The main channel is filled with oil. The 
aqueous droplet is produced at the right oil-water interface by applying a short electric-field pulse. Reprinted with 
permission from [11].  

 

 

On contact, a short-lived bridge forms between the droplet and the liquid-liquid interface through which the 

charge transfer takes place. The droplet having switched its charge sign reverses the direction of motion to the 

other reservoir with opposite charge and shows an invariantly reciprocating motion between two aqueous 

interfaces until the termination of the electric field. The video given in Supplemental Material of Ref. [11] shows 

that the reciprocating (cyclic) motion happens when a constant DC voltage above the critical value required for 

bouncing is applied. Since the droplet travels completely the distance between the two reservoirs, it indicates to 

the fact that the electrophoretic force, which is due to the interplay of droplet charge with electric field strength 

dominates the dielectrophoretic force and, furthermore, the charge leakage of the droplet moving in the oil 

medium is negligible. If there exists a severe charge leakage, the charged droplet upon contacting a reservoir (for 

example small reservoir) moves towards the other reservoir, but after traveling some distance without reaching 

the target reservoir becomes uncharged and reverses its direction of motion back to the initial reservoir, which 

will be due to the purely dielectrophoretic force. This type of cyclic motion has been already observed in 

experimental study of Mhatre and Thaokar [61] (so-called near-electrode cyclic motion) and Hase et al. [60]. The 

droplet presumably loses its charge within oil medium as the oil medium is not perfectly dielectric, and thereby 

the dielectrophoretic force becomes the driving force for the motion until droplet recharging. Nevertheless, this 

type of motion has not been observed in the experiments performed within this work.  

Time-lapse images of such a droplet at the large reservoir are shown in Fig. 6.5(a), where the arrows denote the 

direction of motion. The droplet has a diameter of approximately 6 µm, a voltage of 300 V is applied, and the main 

channel is filled with 2000 mm2/s silicone oil. When reaching the oil-aqueous interface, the droplet does not merge 

with the aqueous reservoir, but bounces back. The noncoalescence of oppositely charged microliter droplets was 
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studied by Ristenpart et al. [59]. They showed that a droplet bounced off from a liquid interface for sufficiently 

high values of the electric-field strength and oil viscosity. This behavior can be explained by considering the 

geometric shape of the liquid bridge forming between the droplet and the liquid interface. The liquid bridge is a 

result of two Taylor cones forming at the droplet surface and at the liquid interface. The two principal curvatures 

of the oil-aqueous interface have opposite signs at the neck of the bridge. With increasing electric field strength, 

the concave curvature reduces, such that the Laplace pressure inside the bridge increases, leading to a rapid 

breakup of the liquid bridge. Corresponding to these predictions, when the voltage is reduced to 200 V, the droplet 

merges with the large reservoir [cf. Fig. 6.5(b)]. After its initial discovery, the noncoalescence of droplets driven 

by electric fields has been studied in more detail. Among others, predictions for the critical cone angle separating 

the coalescence from the bouncing regime were made [186,205]. 

 

 

 
 

Fig 6.5 (a) Modes of droplet motion: when the voltage between the two oil-water interfaces exceeds a threshold value, a 
droplet only briefly touches the liquid interface, after which it reverses its direction of motion. The instantaneous 
direction of motion is indicated by the arrows. (b) Below the threshold voltage, a droplet coalesces with the aqueous 
reservoir. The numbers given in the individual frames denote the time in milliseconds. Reprinted with permission 
from [11].  

 

 

As a rough estimation in the study of Ristenpart et al. [59], the pressure difference was obtained as a function of 

cone angle located at the fluid neck in the meniscus bridge, suggesting a certain transition angle of 45° above 

which the droplet bounces. Later, they showed a more exact solution theory based on a surface energy model 
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(volume-constrained area minimization), yielding a critical cone angle of 30.8 °[186]. Having performed a 

simulation including the effect of fluid inertia on the neck, Bartlett et al. [205] obtained a slightly different value 

of 25°, but consistent with their experimental transition value of 27±2° [186]. In our experiments, the droplets are 

orders of magnitude smaller than those studied in the original noncoalescence experiments [59], which means 

that the Taylor cones and liquid bridges have submicron dimensions. This makes it impossible to study the 

formation and dynamics of these structures based on available experimental methods. Nevertheless, experiments 

performed at 10000 frames/s, which is the limiting frame rate under the given illumination conditions, indicate 

that the liquid bridge exists only for a time span of less than 0.1 ms. For convenience, most of the experiments 

reported here are performed on droplets with diameters of about 9 µm for 1000 mm2/s silicone oil AP and 6 µm 

for standard silicone oils. However, the same behavior with droplets as small as 2 µm has been observed. 

The frequency of the reciprocating droplet motion can be tuned by varying the applied voltage and the oil 

viscosity. The influence of these two parameters is shown in Fig. 6.6, where the frequency, f, of droplet motion is 

displayed as a function of the oil viscosity, µ. The two lines represent fits of the form f ∝ µ-1, which is the prediction 

of the Hadamard–Rybczynski equation [206], given below, in the limiting case that the viscosity of the continuous 

phase is much larger than that of the droplet viscosity. 

The Hadamard–Rybczynski equation obtains the terminal velocity of a slowly moving fluidic object surrounded by 

another fluid. With viscosity of the continuous phase being much larger than that of the disperse phase viscosity, 

the (disperse phase) droplet velocity (and consequently respective frequency) is scaled as the inverse of viscosity 

of the surrounding (continuous phase) fluid. An assumption inherent in the model equation is that the droplet 

charge does not change with the oil viscosity. As it is apparent from Fig. 6.6, the experimental data are roughly 

consistent with the model equation. This indicates that, although the droplet motion is significantly slowed down 

at higher oil viscosities, the charge transferred from the reservoir to the droplet remains largely unaffected. It 

becomes apparent that the oil viscosity has a large influence on the droplet frequency. As the frequency motion 

of the droplet is directly proportional to the droplet velocity, one can expect the average droplet velocity in a cycle 

in the oil with the lowest viscosity be the largest. Another interesting expected point is that the velocity of a 

droplet at each half cycle (i.e. the distance between the two reservoirs) is different from its next half cycle. This is 

because of the fact that the electric field is non-uniform where its strength is maximal at the small reservoir and 

is minimal at the large reservoir. Consequently, the electrophoretic force, i.e. qE, acting on a droplet at the vicinity 

of the small reservoir should be higher than when it is close to the large reservoir, which results in a faster motion 

of the droplet when it moves from the small towards the large reservoir.   
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Fig. 6.6 Frequency of reciprocating motion as a function of oil viscosity for two different voltages. The symbols mark 
experimental data as the average of six measurements for each viscosity, with the errors bars representing the 
standard deviation. The curves are fits according to the prediction of the Hadamard–Rybczynski equation. Reprinted 
with permission from [11].  

 

 

6.5.1.4  Regimes of droplet motion 

 

As mentioned above, the ping-pong mode occurs only in a specific parameter range. For potential applications of 

the principle, it is reported here that it will be important to identify the different physical regimes of electrically 

driven droplets between two liquid interfaces. Three different regimes are identified: bouncing, coalescence and 

failure regimes. The bouncing regime is the regime in which a droplet bounces back and forth between the two 

aqueous reservoirs without merging in them, which results in a reciprocating (cyclic) motion. Accordingly, the 

droplet makes apparent contact with each reservoir without loss of size. Apart from the bouncing regime 

(corresponding to the ping-pong mode), there is a coalescence regime and a failure regime. The coalescence 

regime is the regime in which a droplet merges with the liquid filling the side channels. In the failure regime, the 

Maxwell stress acting on the liquid interface becomes so large that the aqueous phase permanently protrudes 

into the oil phase, i.e., the capillary-pressure barrier breaks down. In the experiments reported here, this occurs 

at the side channel with smaller width (more details will be given in the relevant section). 

Through experimental observations, it is found that these regimes are a strong function of the electrical and fluidic 

parameters and therefore they define their territories according to these key parameters. Figures 6.7(a) and 6.7(b) 

provide maps of these three regimes, in terms of the applied voltage, the viscosity of the oil phase, and the salt 

concentration in the aqueous phase. The choice of these parameters is motivated by previous work [59,186,205], 

which gives clear indications that the electric-field strength and salt  concentration are key parameters and 
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suggests that the properties of the continuous phase also have an influence. Each square symbol indicates a 

parameter combination for which experiments are performed. The black squares mark the non-coalescence 

regime. The colored areas approximately indicate the different regimes. In Fig. 6.7(a), the salt concentration is 

kept fixed at 1 M NaCl, while different silicone oils are used. In Fig. 6.7(b), 1000 mm2/s silicone oil AP is used, 

while the salt concentration is varied. Because of the excellent reproducibility of droplet production in silicone oil 

AP, this type of oil (only available with viscosities of 100 and 1000 mm2/s) is used whenever possible. Figures 

6.7(a) and 6.7(b) clearly highlight the influence of the voltage. A voltage that is too low results in coalescence, 

whereas a voltage that is too high leads to failure. The existence of a lower boundary of the coalescence regime, 

in terms of voltage, is related to the fact that the electric-field strength determines the characteristic angle of the 

cones from which the liquid bridge is formed [59,186,205]. For field strength values that are too low, the convex 

curvature of the liquid bridge becomes too high, which prevents the breakup of the bridge driven by the Laplace 

pressure. With increasing viscosity of the oil phase, the voltage range where bouncing is observed becomes 

broader, extending to lower voltages. This is consistent with recent observations on the coalescence of oppositely 

charged drops in liquids with different viscosities [207], and thus, indicates that increasing the viscosity of the oil 

phase decreases the chance of coalescence. The coalescence occurs when the electric field strength is not enough 

large to pinch off the droplet from the meniscus after a brief contact. The upper limit of the voltage at which the 

coalescence happens stands at a voltage of 200 V up to the viscosity of 2000 cSt and beyond this viscosity value 

the coalescence seems to presumably take place at a lower voltage. However, at the largest viscosity, i.e. 5500 

cSt, marked with open diamond symbol, the droplet neither merges nor bounces from the interface, it rather 

sticks to it.  

Reducing the salt concentration shifts the voltage interval in which bouncing is observed to higher values or, in 

other words, can bring the system from the bouncing to the coalescence regime at fixed voltage. Similar effects 

of salt concentration are observed for much larger droplets [59]. Reducing the salt concentration also increases 

the voltage related to failure. The dependence of the interfacial tension on salt concentration offers a possible 

explanation in this context. It has been shown that, in combination with small amounts of ionic surfactants, NaCl 

significantly reduces the interfacial tension between silicone oil and water [208]. This can be explained by 

considering the Debye layer thickness around charged surfactant molecules. The addition of NaCl reduces the 

Debye layer thickness and, therefore, the repulsive force between neighboring surfactant molecules, thereby 

allowing more molecules to adsorb at the silicone oil-water interface. Small amounts of surface-active species 

often cannot be excluded from experiments. As a result, the addition of NaCl will reduce the capillary-pressure 

barrier and promote the protrusion of aqueous phase from the side channels into the main channel, when a 

voltage is applied. 

The boundaries between the different regimes are partially characteristic for the specific setup used in the 

experiment. Naturally, it is not the voltage but the local electric-field strength at the liquid interfaces that governs 

the physics. Also, at which values of the local electric-field strength the transition from bouncing to failure will 

occur depends on a number of parameters, such as the pressure head used to introduce the aqueous phase into 

the side channels or the liquid-liquid contact angle at the channel walls. The intention behind Figs. 6.7(a) and 

6.7(b), however, is to map different regimes in a qualitative manner and to highlight the limiting factors for the 

ping-pong mode.  
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(a)                                                          (b) 

          
  

Fig. 6.7 (a) Dynamic regimes corresponding to the setup shown in Fig. 6.4 in a space spanned by viscosity and voltage. The 
filled symbols represent the bouncing regime, the underlying colors indicate the boundaries between the different 
regimes. The open square symbols are data points that belong either to the coalescence or to the failure regime. 
The diamond-shaped symbols represent a special situation where a droplet stays at the liquid interface after 
touching it, but does not merge with the aqueous reservoir. (b) The same as that in (a), but in a space spanned by 
NaCl concentration and voltage. The gray symbols represent data points that could not be unambiguously assigned 
to one of the regimes. Reprinted with permission from [11].    

 

 

6.5.1.5  Time lapse images of failure 

 

Figure 6.8 shows time-lapse of images of the electric-field induced failure of the capillary barrier at the small 

reservoir. The experiment is done with 1000 cSt silicone oil AP and water containing 1M NaCl, applying a voltage 

amplitude of 300 V. It can be seen that at the small reservoir the aqueous phase protrudes into the oil phase. 

Finally, a short circuit occurs at the large reservoir, resulting in the formation of a multitude of droplets.   

The breakdown of the capillary barrier is a result of the Maxwell stress at the liquid interface exceeding the 

maximum Laplace pressure. To get a qualitative understanding of this process, for simplicity the backpressure that 

needs to be applied to keep the two reservoirs filled with water is neglected. In an order-of-magnitude sense, the 

maximum Laplace pressure that can be generated at the junction between the main channel and a side channel 

is given by ΔpL=γ(w-1+h-1), where w is the width of the side channel and h is the depth of the main channel. Since 

in the present case, h=10 µm, while w=65 µm and w=15 µm for the large and the small reservoir, respectively, the 

Laplace pressure is dominated by the depth of the main channel. As a result, there is no large difference between 

the maximum Laplace pressures at the interfaces between the main channel and the two side channels. In terms 

of the Maxwell stress, however, there is a large difference between the two interfaces. The aqueous NaCl solution 

can be viewed as a conductor, which means that both the interface between aqueous solution and oil and the 

interface between aqueous solution and the wall material are isopotential surfaces. As a result, the electric field 

lines converge between the large and the small reservoir, resulting in a higher electric field strength at the oil-
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aqueous interface of the small reservoir. When converting the field strength to a stress, this disparity between 

the large and the small reservoir gets amplified, owing to the scaling of the Maxwell stress by E2. Therefore, the 

failure is expected to occur at the small reservoir, which is confirmed by Figure 6.8. 

 

 

 
 

Fig. 6.8 Time-lapse images of the failure of the capillary barrier at the small reservoir. A constant voltage of 300 V is applied. 
The numbers above the individual frames denote the time in milliseconds. Reprinted with permission from [11].    

 

6.5.1.6  Motion of multiple droplets 

 

In this section, it is briefly reported the phenomena occurring when multiple droplets are located between the 

two reservoirs. This brief report has to be understood as an outlook to potential follow-up research rather than a 

detailed account of the physical phenomena. The corresponding experiments are performed with 5500 cSt silicone 

oil.  

Multiple droplets can be produced from the small reservoir (see Fig. 6.9) by applying a voltage pulse with a 

duration longer than that adequate for single droplets. After applying a constant voltage of 300 V, the droplets 

immediately align in a chain and start bouncing back and forth in a complex pattern. In that case, charge transfer 

and avoided coalescence not only occurs between a droplet and a reservoir, but also between neighboring 

droplets. Motivated by the findings reported in the main text, it is hypothesized that also a chain of multiple 

droplets will mediate mass transfer between the two reservoirs. 

 

 
 

Fig 6.9 Alignment of multiple droplets in chain inside 5500 cSt silicone oil upon applying a voltage of 300 V. 
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6.5.1.7  Applications of droplet motion 

 

One main objective of the work reported here is to study mass transfer from the aqueous phase filling the side 

channels to a droplet reciprocating between the two liquid interfaces. In an application context, mass transfer 

could enable (bio)chemical reactions in a tiny reaction space in semibatch mode, with educts being supplied to a 

droplet and products extracted from it. Alternatively, the setup shown in Fig. 6.4 could be used to transfer tiny 

amounts of liquid between two reservoirs. 

 

6.5.1.7.1 Mass transfer to droplets 

 

Both the transfer of dissolved molecular species and nanoparticles are presented in the following. Figure 6.10 

shows three selected snapshots of experiments conducted with fluorescent polystyrene beads of 500 nm in 

diameter. The individual frames in Fig. 6.10 are obtained by superposing image sections recorded with a 

fluorescence microscope on bright-field images. Figure 6.10(a) shows the small reservoir filled with a nanoparticle 

suspension. A droplet containing nanoparticles is created by applying a voltage pulse. The droplet (diameter 

approximately 12 µm) is shown in Fig. 6.10(b) close to the liquid interface at the large reservoir. Remarkably, when 

such a droplet undergoes reciprocating motion between the two liquid interfaces, no nanoparticles are 

transferred between the droplet and the aqueous reservoirs. Apparently, the throat of the liquid bridge is too 

narrow and/or exists for a too short a time span to let 500 nm particles pass. To transfer nanoparticles from the 

small to the large reservoir, it is necessary to switch from the bouncing regime to the coalescence regime by 

reducing the voltage. Figures 6.10(b) and 6.10(c) show two subsequent images from the video recording, 

immediately before and after the coalescence event. The time increment between the images is 14 ms. Within 

this time span, the droplet merges with the aqueous reservoir. The nanoparticles are distributed over the liquid 

interface, as shown in Fig. 6.10(c). 

When transferring a molecular dye dissolved in one of the aqueous reservoirs, a different scenario emerges. 

Experiments are performed with rhodamine B, which is a fluorescent dye that can be considered as uncharged 

[209,210]. The liquid inside the large reservoir contains the dye, while the liquid inside the small reservoir is water 

with 1 M NaCl. A droplet in ping-pong mode, initially containing no dye, starts to fluoresce after coming into 

contact with the large reservoir. The droplet picks up dye at the large reservoir and releases it at the small 

reservoir. The fluorescence increases during the first few cycles, after which time it takes a more or less constant 

value. This shows that mass transfer via femtoliter droplets in ping-pong mode is selective: dissolved molecules 

are transferred, while 500 nm particles are rejected. The dye concentration inside the droplet as a function of 

cycle number is shown in Fig. 6.11 for two different values of oil viscosity. The two different data sets in each 

panel represent the intensity inside the droplet after touching the interface at the large and small reservoir, 

respectively. The constant values reached after a few cycles represent a dynamic equilibrium state: the amount 

of dye taken up at the large reservoir equals the amount released at the small reservoir. 
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Fig. 6.10 Transfer of 500 nm particles between two aqueous reservoirs. (a) Small reservoir filled with a suspension of 500 nm 

particles. (b) Particle-laden droplet at the oil-aqueous interface of the large reservoir immediately before 
coalescence. (c) Oil-aqueous interface immediately after coalescence with the droplet. Nanoparticles are distributed 
over the interface. The numbers given in the individual frames in (b), (c) denote the relative time in milliseconds. 
Reprinted with permission from [11].     

 
 

(a)                                                                                (b) 

   
 

Fig. 6.11 Dye concentration inside a droplet as a function of cycle number, when transferring rhodamine B from the large to 
the small reservoir. (a) Data for 500 mm2/s silicone oil filling the main channel. Dye concentrations after touching 
the large and small reservoirs are shown. The symbols represent experimental data; the curves are fits based on Eq. 
(6.1). (b) The same as that in (a), but with 1000 mm2/s silicone oil filling the main channel. Reprinted with permission 
from [11].      
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6.5.1.7.2 Mass transfer model  

 

The mass transfer model to be presented in the following paragraphs describes the mass transfer to/from the 

droplet when touching the two reservoirs, denoted large and small reservoir in the main text. The model is based 

on the assumption that the droplet volume does not change after each contact with a reservoir. The validity of 

this assumption was verified by examining the images obtained from video microscopy.  

It is considered a droplet reciprocating between the large and the small reservoir, where the large reservoir 

contains some dissolved species, and the species concentration in the small reservoir vanishes. The droplet takes 

up dissolved species upon each contact with the large reservoir and subsequently delivers a fraction of it to the 

small reservoir. The species transfer occurs via the thin liquid bridge forming between the droplet and a reservoir. 

For charged species, there will be three mechanisms contributing to mass transfer. Diffusive mass transfer will 

occur via the difference in species concentration between the droplet and the reservoir. Upon contact between 

the droplet and the reservoir, the electric field results in re-charging of the droplet through which electromigrative 

(or electrophoretic transport of) species mass transfer. Other possible mode of transport is potentially advective. 

The latter is very difficult to study experimentally, since the liquid neck has submicron dimensions. In the present 

case, our goal is to study mass transfer in the simplest possible scenario. For this reason, an uncharged species for 

which electrophoretic transport does not play any role is considered. Furthermore, it is hypothesized that 

advective transport can be neglected. Therefore, the number of moles of the considered species transferred upon 

each contact between a droplet and a reservoir is given as 

 

fn kA t c=  
                                                                           (6.1) 

 

where k is a mass transfer coefficient, A is the cross-sectional area of the liquid bridge, Δt is the time during which 

the liquid bridge exists, and Δc is the difference in species concentration between the droplet and the reservoir. 

For the large reservoir Δc=cl-cd,l, and for the small reservoir Δc=cd,s-cs, wherein cd,l and cd,s denote the species 

concentrations inside of the droplet when contacting to the large and small reservoir, respectively, and cl  and cs 

are the concentrations inside the large and small reservoir, respectively. The large reservoir has a fixed 

concentration, that is cl, whereas initially the concentration vanishes inside the small reservoir. Initially, the 

droplet (generated from the small reservoir) does not contain dissolved species. As stated in the main text, the 

quantity α=kAΔt/Vd will be considered as a fit parameter, wherein Vd represents the volume of the droplet. Note 

that kAΔt has units of m3, therefore α is a dimensionless parameter that has to be less than unity. It is allowed for 

different values at the large and the small reservoir, i.e. αl, αs. Based on that, the concentration inside the 

reciprocating droplet after touching the large reservoir (N+1) times is given by   

 

( )( 1) ( ) ( )

, , ,

N N N

d l d s l l d sc c c c+ = + −
                                                  (6.2)  

 

where the superscript refers to the cycle number. Likewise, the concentration inside the droplet after touching 

the small reservoir (N+1) times is given by 
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( )( 1) ( 1) ( 1)

, , ,

N N N

d s d l s d l sc c c c+ + += − −
                                                                                                    (6.3) 

 

Since initially cs=0, and since the volume of the small reservoir is much larger than the droplet volume, it can be 

safely assumed that cs stays very small during the whole process. Species that have been deposited close to the 

oil/aqueous interface of the small reservoir will spread over the reservoir by diffusion. Therefore, in the following 

it is assumed that cs=0. Based on that, Eqs. (6.2) and (6.3) can be reformulated as recursion relations 

 

( )( 1) ( )

, ,1N N

d l l s l s d l l lc c c   + = − − + +
                                                                                                      (6.4)   

 

and 

 

( ) ( )( 1) ( )

, ,1N N

d s l s l s d s l l s lc c c    + = − − + + −
.                                                                                (6.5) 

 

These relations have explicit solutions of the forms  

 

( ) 1

,

1

N
N i

d l l l

i

c b a −

=

= 
                                                         (6.6)  

 

( ) 1

,

1

N
N i

d s s s

i

c b a −

=

= 
                                                         (6.7)  

 

where 

 

1l s l s l sa a a   = = = − − +
 

l l lb c=
                                                                                     (6.8)     

( )s l l s lb c = −
 

 

Closed-from expressions of the concentrations can be obtained by recognizing that the expressions of Eqs. (6.6) 

and (6.7) have the form of a geometric series:  

 

( )
( )

,

1 1
N

l l s l s
N

d l l

l s l s

c c
    

   

 − − + −
 =

− − +
                                           (6.9) 
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  ( )
( )

,

1 1
N

l l s l s l s
N

d s l

l s l s

c c
      

   

 − − − + −
 =
− − +

                                         (6.10)   

 

The asymptotic values of these expressions for N→∞ are given by  

 

( )

,
1

l
d l

b
c

a

 −
=

−                                                                                   (6.11)  

 

( )

,
1

s
d s

b
c

a

 −
=

−                                                                      (6.12)  

 

provided that |a|<1. Note that in this asymptotic limit, a droplet still takes up dissolved species at the large 

reservoir and releases species at the small reservoir. However, the concentration inside the droplet no longer 

changes, since the species amount taken up is equal to the amount released.  

Equations (6.9) and (6.10) are used for modelling the experimental data obtained with Rhodamine B. For that 

purpose, a Gaussian least squares method is used to determine αl and αs. The solutions are computed using the 

Generalized Reduced Gradient (GRG) solver, a steepest descent method for solving nonlinear equations with 

constraints. It is ensured that the solutions are independent of the initial guess for the solution.  

The curves shown in Figs. 6.11(a) and 6.11(b) represent the corresponding model fits. The resulting parameter 

values are = αl 0.331 and αs= 0.192 for Fig. 6.11(a) and αl = 0.207 and αs = 0.116 for Fig. 6.11(b). Increasing the oil 

viscosity, therefore, reduces the mass-transfer coefficients. It is hypothesized that an increase in viscosity reduces 

the cross-section area and/or the opening time of the liquid bridge between the droplet and the reservoir. Overall, 

the experimental data follow the trend predicted by the model, which suggests that the model captures the 

essential mass-transfer mechanism. 

 

6.5.2 Partial coalescence 

 

One prominent factor in studying coalescence of droplets in a liquid-liquid interface is the electrical conductivity 

(i.e. salt concentration) of the aqueous phase, based on which a demarcation can be drawn on the possibility of 

partial coalescence occurrence. Earlier, the effect of a salt concentration of 0.01w/v% NaCl (or ~2 mM) or less was 

investigated in details in which the coalescence and non-coalescence phenomena were observed. The question 

that may arise here is that what happens if the salt concentration (and its respective electrical conductivity) goes 

further below 0.01 w/v%? Performing experiments for such a case reveals that, interestingly, a noticeably different 

regime emerges: the droplet neither completely coalesces nor bounces back following contact with the liquid-

liquid interface, it rather partially coalesces, a phenomenon known as partial coalescence. Using the current setup 

of microfluidics configuration, a sequence of partial coalescence events is observed, in contrast to other partial 

coalescence generators. The novelty of the present partial coalescence system studied is first implementing this 

type of generator in a microfluidic device, second enabling multiple partial coalescence events in sequence, and 

finally achieving very small size of droplets typically in submicron after performing a certain number of sequences. 
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In this section, therefore, the parameters governing the partial coalescence are explored. It is found that the salt 

concentration (as the main factor based on which the transition to partial coalescence takes place) and the electric 

field strength (or applied voltage) are significant parameters, similar to coalescence and non-coalescence 

phenomena. However, the effect of viscosity is not studied here because the silicone oil AP is commercially 

available only in two values of oil viscosity, being as 100 and 1000 cSt. Accordingly, all experiments are performed 

for the 1000 cSt silicone oil AP as the silicone oil AP with a viscosity of 100 cSt is inconsistent with to the present 

set-up system. This inconsistency comes from the failure in keeping the liquid-liquid interface at the junction due 

to breakdown of (Laplace) pressure barrier as a consequence of comparatively low interfacial tension of 100 cSt 

silicone oil AP-water system, which results in protrusion of the aqueous phase into the oil channel. Nevertheless, 

the effect of viscosity on the partial coalescence has been already and recently investigated in few studies 

[201,202]. In addition to the abovementioned parameters, the effects of number of cycles and initial droplet size 

on daughter droplet size are investigated and a scaling estimate for determination of daughter droplet size is 

presented.   

  

6.5.2.1  Partial coalescence regime  

 

Unlike coalescence and/or non-coalescence regimes in which a droplet completely coalesces and/or bounces back 

from a liquid-liquid interface, as described earlier, the partial coalescence regime is defined when a droplet leaves 

behind a fraction of its initial volume after contacting to the (each) interface. Generally, to bring a droplet in 

contact with an interface or other droplet, it can be driven via different driving forces such as gravitational force, 

electric force etc. either individually or in a combination form. Alternatively, an interface can be actuated 

(vibrated) rather than droplet itself [211]. In most studies earlier, gravity runs coalescence events and is used as a 

driving force. As such, a droplet can move towards the interface by gravity force and this can be coupled with 

electric actuation as well. Accordingly, a droplet may completely or partially coalesce with a liquid-liquid interface, 

which depends on governing parameters, and is known as cascade (partial) coalescence. Despite that gravity 

triggers the coalescence event, however, the gravitational effects are usually negligible and the coalescence 

process is indeed controlled by surface/interfacial tension through which competition in rates of collapse inward 

and outward is determinant. In some situations when gravity cannot be used as an external force to bring a droplet 

into contact with an interface, particularly in microfluidic devices, other alternative external forces such as electric 

force can be a solution [11]. In presence of an electric field, such a coalescence event, regardless of being 

complete, partial or none coalescence, is not anymore cascade coalescence, it is rather sometimes called 

electrocoalescence, although a combination of electric field and gravity as a driving force in bringing a droplet into 

contact with a liquid-liquid is possible and is found elsewhere [59,202].   

The partial coalescence events are observed for salt concentrations of 10-3 w/v% (1.7×10-3 mM) or less for all 

applied voltages (electric fields) at any initial droplet size in the studied range. However, the occurrence of the 

partial coalescence is not solely due to the sufficiently low salt concentration. In other words, having salt 

concentrations of 10-3 w/v% or less is the primary and critical condition but does not guaranty the occurrence of 

partial coalescence. It was already found that at salt concentrations of c>>10-3 w/v% the full coalescence and non-

coalescence take place [11]. By contrast, the partial coalescence can be only observed at salt concentrations of 

10-3 w/v% or less but in a space shared with full coalescence and non-coalescence, although its occurrence is 
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comparatively much prevalent. Whether which of full, none or partial coalescence wins depends on the 

competition of electrophoretic force acting during the events with other governing forces discussed later.  

Figure 6.12 shows the time-lapse images of a partial coalescence event when a voltage of 200 V is switched on 

between the two liquid-liquid interfaces after generation of a droplet with a salt concentration of 1.7×10-3 mM 

from the small reservoir. In the partial coalescence in the present scheme, similar to the non-coalescence case 

where a droplet reciprocates between the two reservoirs, the droplet does the same way but simultaneously 

undergoes a size reduction upon each contact with reservoirs if suitable conditions meet. It is worth noting that 

the droplet size shrinkage at each contact with the reservoirs during the partial coalescence events is arbitrary, 

which means that a droplet may shrink in size either only with one reservoir or with both reservoirs (or a mix of 

them). 

 

 

 
 

Fig. 6.12 Time-lapse images of the partial coalescence event of a water droplet in 1000 mm2/s silicone oil AP using a voltage 
of 200 V. The numbers above the individual frames denote the time in seconds. 

 

The figure depicts some specific frames of the droplet after contacts with the large reservoir in a sequence of 

partial coalescence events reciprocating between the two reservoirs. As seen, for a typical example here, the 

droplet size before contact, shown in the first frame, is 8.3 μm, which step-by-step reduces to 6.9, 5.1, 3.4 and 1.6 

μm after each contact, respectively. By switching the voltage off, in a suitable time, during the process one may 

be left with a droplet of the reduced size. However, the size reduction ratio is not generally constant or regular 

due to involving various parameters in practice and, therefore, one may not expect a well-predicted size in a well-

controlled manner. In most cases, the droplet size eventually reaches a very small size in nanoscale whose 

measurement (and detection sometimes) requires high tech methodology and high precision instrumentations. 

Figure 6.13 shows the trace of an exemplary non-measurable nanoscale sized droplet (marked with red circles) 

after its last partial coalescence to the small reservoir. The frame at 0 ms corresponds to the droplet before contact 

with the small reservoir whose size is still measurable. Considering the limitation of measuring devices, one could 
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only guess that its size should be below 400 nm. In the following section, a scaling is presented by which it will be 

possible to roughly estimate the size of nanoscale droplets.   

 

 

 
 

Fig. 6.13 Time-lapse images of the trace of an exemplary non-measurable nanodroplet in a partial coalescence event. The 
numbers next to the individual frames denote the time in miliseconds. The frame at 0 ms corresponds to the droplet 
before its last partial coalescence.  

                 

 

 

6.5.2.2  Scaling estimate: The effects of electric field strength and salt concentration    

 

In the following, a scaling estimate is presented by which the ratio of daughter droplet radius to the initial radius 

is represented as a function of the ratio of average electrophoretic force during the event to the interfacial tension 

force. Since the amount of droplet charge by which the actual electrophoretic force acts during the partial 

coalescence process is difficult to obtain, the charge on a single droplet right before and right after the event is 

predicted by balancing the relevant forces involved, being as electrophoretic force and viscous (Stokes’) drag while 

inertial and gravitational (buoyancy) forces are negligible. The balance is written as  

 

4𝜋𝜇𝑎0𝑐
𝑑𝑥

𝑑𝑡
= 𝑞𝐸                                                              (6.13)  
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where µ is the dynamic viscosity of the oil phase, ao is the droplet radius, 
𝑑𝑥

𝑑𝑡
 is the local droplet velocity and 𝑐 =

3𝜇𝑟+2

2(𝜇𝑟+1)
 with µr being as the viscosity ratio of the droplet to the oil medium. From the Eq. (6.13) it is easily figured 

out that the electrophoretic force, qE, can be calculated through performing droplet velocimetry without any 

needs to directly quantify the individual droplet charge and electric field strength. However, if the evaluation of 

the droplet charge is concerned, the electric field must be known or obtained.     

Performing the balance for droplets passing by a fixed location very close to the (large) reservoir right before and 

after the partial coalescence events, with respective velocities known from the droplet velocimetry, one could 

roughly compute the electrophoretic forces corresponding to the early (from before contact) and the last (from 

after contact) stages of the partially coalescing process. Because the electric field between the liquid-liquid 

interfaces is non-uniform owing to the different dimensions of the reservoirs, performing the evaluation at a fixed 

location ensures that the electric field is constant as long as the voltage is not varied.      

It is found that the averaged value of electrophoretic forces (corresponding to the right before and after contact) 

gives rise the best fit to the experimental data sets when we cast them in the scaling given by Hamlin et al. [202]. 

However, the trend of the experimental results obtained with the present scaling is different from the one given 

by Hamlin et al. [202] in a way that the fitted line does not intersect the x-axis at origin. It rather meets the x-axis 

at a certain value (of ~0.27). This indicates that a minimum charge must exist on a droplet so as to lead the full 

coalescence (i.e. a/ao=0). This is consistent with the experimental results in which a droplet impacting an interface 

with a low velocity (i.e. low droplet charge) shows a full coalescence. Another point is that in the present system 

the droplets are charged upon production and, as mentioned earlier, the electrostatic force is the only driving 

force bringing the droplets in contact with the interface since the gravity effect is absent, which supports the 

necessity of existing a minimum droplet charge for running a full coalescence. Notably that recently Ananl et al. 

[201] found that their experimental data collapse on the scaling with the exponent value of “1.5”, in contrast to 

the value of “1” given by Hamlin et al. [202] and the present study.  

Taking the averaged electrophoretic force not only gives the best fit to the experimental data sets, but also allows 

one to roughly estimate the size of nano-droplets which are not measurable (while their trace visible) with the 

available technique. Accordingly, for example, if the velocity and the size of last visible droplet along with the 

velocity of its corresponding daughter droplet whose trace is visible, but not measurable, are known, one can 

obtain an estimation for the size of daughter droplet. A droplet diameter of 840 nm is estimated by this prediction 

model as an exemplary for the droplet shown in Fig 6.13.               

As earlier mentioned, the parameters investigated in this work for the partial coalescence are the electric field 

strength (or applied voltage), salt concentration and initial droplet size. The effects of the electric field and salt 

concentration on the daughter droplet size produced following contact with the reservoirs is discussed in this 

section and the details about the effect of initial droplet size will be given in a separate section later on. Since the 

droplets experience reciprocating motions between the reservoirs while undergoing shrinkage in size, it is 

necessary to focus on certain initial droplet sizes in order to grasp better insights about the effects of the electric 

field and the salt concentration in a more systematic manner. In that context, droplets having the initial sizes of 7 

and 11 µm in diameter at a salt concentration of 10-3 w/v% and less for different applied voltages are examined 

and their corresponding results are cast into a scaling. Correspondingly, their ratios of daughter droplet radius to 

the initial radius as a function of (𝑞𝐸𝑎𝑣𝑔 γ𝑎0⁄ )
1/2

for droplets contacting with the large reservoir are plotted in Fig. 

6.14. The open symbols denote the droplets with a diameter of 7 μm and the closed symbols denote a diameter 



   
  

73 
 
 

of 11 μm. From the figure, it is seen that the daughter droplet size generally increases with electrophoretic force 

(i.e. the interplay of both electric field strength and the droplet charge). At higher electrophoretic force (i.e. qE), 

it is observed that droplets have tendency to bounce back from the interface. Furthermore, it can be reasonably 

stated that a clear dependency of the daughter droplet size on the salt concentration (or ionic conductivity) is not 

seen. Similarly, this was observed by Hamlin et al. [202] reporting insensitivity of the daughter droplet size to the 

ionic conductivity.  

 

 
 

Fig. 6.14 The ratio of the daughter radius to initial radius versus the scaling prediction. Here, K=1.24 is a dimensionless 
prefactor. The open symbols denote the droplets with a diameter of 7 μm and the closed symbols denote the ones 
with a diameter of 11 μm. 

 

 

It is known that charge is transferred in three different ways, being as convection, diffusion and conduction (or 

electromigration), as indicated from conservation of charge [212]  

 
𝜕𝜌𝑓

𝜕𝑡
= 𝐷∇2𝜌𝑓 + ∇ ∙ (𝜎𝑬) − 𝒖 ∙ ∇𝜌𝑓                                                            (6.14)  

 

where the terms on the right-hand-side represent diffusion, electromigration (or conduction) and convection, 

respectively. 

Hamlin et al. [202] reported that the charge transfer is strongly influenced by convection for which the Peclet 

numbers, the ratio of convection to diffusion, were roughly equal or larger than 1, indicating to the comparable 

or larger order-of-magnitude of the convention with respect to the diffusion. They also proved that the effect of 

conduction (or electromigration) is negligible and the independency of daughter drops size to the ionic 

conductivity additionally supports the domination of convection and diffusion over the conduction. In the current 



   
  

74 
 
 

study, since the velocity of droplets in the microfluidics channels is typical very small, the corresponding Peclet 

numbers are very small and therefore it implies the diffusion to play the dominant role for the charge transfer. 

Hamlin et al. [202] also added that the daughter drop acquired the opposite charge due to polarization of the 

droplets prior to contact in a way that the charge at the leading of the drops convected away to the reservoir 

while the residual dipolar opposite charge located at the top of droplet becomes the net charge of daughter drops. 

Pillai et al. [213] explained that the charge in the macrodrops in the study of Hamlin [202] mainly migrate to the 

interface region owing to the very small Debye length, in contrast to droplets in microscale whose Debye length 

are comparatively large. Accordingly, the droplet charges still occupied a significant portion of the droplet due to 

the charge polarization when approaching the interface. In our case, the conduction is believed to be negligible 

because a clear dependency of droplet size on the salt concentration has not been observed, similar to the 

implication drawn by Hamlin et al. [202], and the charge of micro-droplet perhaps does not instantaneously 

transfer to the interface. Considering all abovementioned, the implication of charge transfer by diffusion in the 

present study could be that the charge transfer and consequently the electrophoretic force are time-dependent 

during the partial coalescence process, starting from the formation of the neck all the way during the growth of 

the neck until eventually the pinch-off moment. Accordingly, taking the average of electrophoretic forces in the 

partial coalescence process into account makes sense, and the corresponding scaling results look quite consistent 

with experimental trends.                 

       

6.5.2.3  Mechanism of partial coalescence   

 

Several decades ago, it was hypothesized that the formation of daughter droplets originates from a static Rayleigh-

Plateau instability during the evolution of the coalescing drop with an interface into a fluidic columnar shape 

whose breakup generates daughter droplets [189]. Nevertheless, after many years, Blanchette and Bigioni [188] 

disproved that hypothesis through manipulating their numerical simulations. They alternatively suggested that 

the competition between the surface tension driven vertical and horizontal rates of collapse controls the process 

of coalescence, where the gravitational effect is negligible. As such, they argued that when the drop makes a 

contact with the interface, the process goes toward formation of a fluid column (a bridge) followed by necking 

stage. The downward pull of surface tension at top of drop (i.e. vertical collapse strength) is generally larger than 

the inward pull of the neck (i.e. vertical collapse strength), and therefore, the vertical collapse is dominant and 

full coalescence occurs unless the vertical collapse is delayed somehow under a condition. They described that 

such a delay could be achievable if capillary waves produced during the opening of the neck at the early stages of 

coalescence event successfully converge at the top of drop. The convergence of sufficiently vigorous waves could 

significantly stretch the drop upward and the delay in the vertical collapse avoided the complete drainage of 

droplet into the interface, and thereby produced daughter drops.  

By contrast, a different scenario seems to be valid in this study. As coalescence process takes place in presence of 

an electric field, the electrophoretic force comes to play and the mechanism by which a delay in vertical collapse 

of droplet occurs should be the action of electrophoretic force rather than convergence of capillary waves. 

Accordingly, when the charged droplet approaches the reservoirs, presumably along with a formed cone angle at 

the leading edge of droplet, a liquid bridge creates between the droplet surface and the liquid-liquid interface 

upon contact, which gradually evolves into a fluid columnar shape followed by necking stage and eventually pinch-

off. It is worth noting that, unlike other studies in the literature where the gravity force with/without the 
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electrophoretic force runs the droplets [201], here the electrophoretic force acting on the individual single 

charged droplet in the oil channel is the mere driving force to bring the droplet in contact with the reservoirs. 

Since the experiments are performed in a microfluidic device, the gravitational force is absent. Upon contact, the 

capillary pressure in the droplet, which is the difference in pressure between the meniscus bridge and the droplet, 

tends to drain the bulk fluid of the droplet into the reservoir while the viscous stress exerted by the external oil 

resists against it. At sufficiently large electric field strengths, the electric field effect leads the pressure in the liquid 

bridge to become larger than the pressure inside the droplet itself, driving the liquid to move from the bridge 

towards the droplet. As a result, the droplet pinches off from the interface and thus it triggers the droplet bouncing 

behavior.  Consequently, following the droplet pinch-off, the droplet migrates away from the interface toward the 

other reservoir (aqueous electrode) due to switching sign of the droplet charge at contact. Repeating this behavior 

would lead to a reciprocating motion of droplets between two aqueous interfaces [11] or pin metallic electrode-

aqueous interface [59]. It seems that in the partial coalescence case, the droplet cone angle should be small as 

well. More recently, Anand et al. [201] showed that the critical angle for transition from full coalescence to partial 

coalescence is roughly 17o for an experimental set-up similar to what Hamlin et al. [202] already reported. When 

the electrophoretic force is sufficiently large so that it delays the complete drainage of droplet into the reservoir, 

the inward interfacial tension (or capillary pressure) driven horizontal collapse prevails during the necking stage, 

leaving behind a fraction of the initial droplet volume, that is, a daughter droplet (sometimes called secondary 

droplet). Therefore, this implies that the delaying mechanism by which a full drainage of droplet in the reservoir 

avoids would be prominently the electrophoretic force acting on the charges migrated to the summit region of 

the droplet rather than the converged capillary waves, as suggested by Blanchette and Bigioni [188].  

The forces involved in the partial coalescence event in the present study are the interfacial tension force, 

electrophoretic force, and viscous force. The gravitational and the inertial forces are also negligible. Upon contact, 

the interfacial tension force drives the coalescence, but the viscous force by resisting against the coalescence 

controls the rate of drainage of the fluid bulk of droplet into the reservoir [197]. Simultaneously, the 

electrophoretic force interplays with the interfacial and viscous forces, deciding whether a daughter droplet form 

or not. Hamlin et al. [202] reported that the change in oil viscosity did not affect the daughter droplet size when 

Ohnesorge number (the ratio of viscous to inertial-capillary effects) was larger than 1. The Ohnesorge number 

related to the present work is larger than one as well. A full description of these forces is challenging because the 

droplet changes dynamically during the course of partial coalescence, where the electrophoretic force plays a key 

role in the process.  

 

6.5.2.4  The effect of initial droplet size and cycle number 

 

The partial coalescence process and thus the daughter droplets can be significantly affected by the initial droplet 

size. The point could be that how an initial droplet size can influence the pressure difference between the 

meniscus bridge and the droplet as a key physical element for droplet pinch-off. Ristenpart et al. [59] with a simple 

derivation showed that an appropriate pressure difference drives the droplet pinch-off when a liquid bridge is 

formed between a drop and an interface when an electric field is applied. They stated that for sufficiently steep 

cone angles the pressure inside the drop gets smaller than in the meniscus bridge and thus drives the fluid from 

meniscus back into the drop, resulting in the droplet pinch-off and accordingly the non-coalescence of the charged 

drop to the interface. Bird et al. [186] showed that whether two drops coalesces or recoils is dependent on the 
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cone angle between them, which can be controlled by varying drop size and electric field. Mousavichoubeh et al. 

[193,197] observed that the daughter droplet size is relatively independent of the initial droplet size at low electric 

field strengths while exhibiting strong dependency to it at larger field strengths. They argued the larger droplets 

having lower internal pressure, according to the Young-Laplace equation Δp=2γ/a, are more prone to deformation 

and thus leading to formation of a long neck (liquid bridge). They added that the polarization of larger droplets 

enhances the effectiveness of producing a neck and therefore all mentioned factors lead to a larger daughter 

droplet. The point here is that although the droplets in the studies of Mousavichoubeh et al. [193,197] were 

uncharged, however, for partial coalescence of charged droplets, the polarization can be significant too, as 

justified by Hamlin et al. [202]. When a short-lived bridge forms between a droplet and a liquid-liquid interface, 

the pressure difference between the droplet and the meniscus bridge is a function of the interfacial tension stress 

represented by a cone angle, the viscous shear stress exerted by the surrounding oil and the electrical stress [214]. 

The size of initial droplet together with the electric field strength can adjust the cone angle θ, as reported by Bird 

et al. [186]. Accordingly, daughter droplets can be influenced by the initial droplet size and it would be worthy to 

examine the effect of initial size of mother droplets on their offspring. The partial coalescence droplet generator 

employed in the present study is distinctly different from others reported in the literature from two aspects: the 

first is the process takes place in a microfluidic device and another is the appearance of a sequence of events 

originated from a single droplet. For that purpose, the ratios of daughter droplet radius to the initial radius versus 

cycle number for different initial droplet sizes are depicted in Fig. 6.15 for the case when the electrically produced 

charged droplets initially make their contacts with the small reservoir. The salt concentration is fixed at 10-5 w/v%, 

and the applied voltage varies from 150 V to 300 V (presented in Figs. 6.15 a-d). Here, one cycle number means a 

droplet makes contacts with both reservoirs. This figure illustrates that the size of the larger droplets decreases 

more slowly than that of the smaller droplets representing in the increase in the number of the partial coalescence 

events, which intuitively indicates that the droplet shrinkage in size decreases with the increase of the initial 

droplet size. At initial contacts, the droplets with larger size in a partial coalescence process undergo lower loss of 

volume fractions. The same effect is generally seen when the electric field is increased from 150 V (Fig. 6.15 (a)) 

to 300 V (Fig. 6.15(d)). The increase in the applied voltage (or equivalently the electrophoretic force) causes the 

increase of the droplet radius ratio, which implies the escalation in tendency of droplets to bounce at the 

beginning of the sequential partial coalescence events at sufficiently large electric field strength, particularly 

observed for larger droplets. 

(a)                                                                           (b) 
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  (c)                                                                        (d) 

 
 

Fig. 6.15 The ratio of the daughter radius to initial radius as a function of cycle number for different droplet diameters at a 
fixed salt concentration of 10-5 w/v% and different applied voltages of a) 150 V b) 200 V c) 250 V d) 300 V. 

 

 

The most intriguing behavior observed in the experiments examining the effect of initial droplet size is the 

existence of a critical droplet diameter at which the trend in droplet shrinkage rate remarkably changes. This 

critical droplet diameter is different for each salt concentration (without displaying any clear dependency to that), 

but is seemingly a week function of the applied voltage (or the electric field strength) such that the critical droplet 

diameter decreases with the applied voltage. As such, when a droplet has a diameter smaller than the 

corresponding critical droplet diameter, the reduction in size of successive daughter droplets is large and, as 

observed in Fig. 6.15 for small droplets, the slope of the plots (of the droplet diameter versus the cycle number) 

is steep. By contrast, when a droplet has a diameter larger than the associated critical droplet diameter, the 

droplet shows two distinct behaviors before and after reaching the critical droplet diameter during the course of 

the sequential partial coalescence events. Before reaching the critical droplet diameter, the rate of droplet 

shrinkage per cycle is relatively slow (or none in some cases), exhibiting a slight slope. After having reached the 

critical droplet diameter, there will be a sudden increase in the droplet shrinkage rate (with a steep slope) similar 

to the case where the initial droplet diameter is less than its critical droplet diameter. Nevertheless, there is a 

criterion yet to observe the trend described for initial droplets with diameter larger than the critical droplet 

diameter. This criterion is that the droplet diameter resulting from the first partial calescence event must be larger 

than the critical one. Otherwise, it behaves like the case when the initial droplet diameter is smaller than the 

critical one.  
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(a)                                                                                 (b) 

 
 
Fig. 6.16 Critical droplet diameter characterization. Droplet diameter as a function of cycle number for droplets (contacting 

large reservoir) having a salt concentration of 10-3 w/v% using a voltage of a) 250 V and b) 300 V when the conditions 
meet for the critical droplet diameter to occur.   

 

(a)                                                        (b)                                                        (c)  

 
 

Fig. 6.17 Critical droplet diameter characterization. Droplet diameter as a function of cycle number for droplet having a salt 
concentration of 10-4 w/v% using a voltage of a) 200 V, b) 250 V and c) 300 V when the conditions meet for the 
critical droplet diameter to occur.  

 
 

It is surprising that the value of the critical droplet diameter is independent of the initial droplet size. As long as 

the electric field strength and salt concentration are fixed, there will be almost a unique critical droplet diameter 

irrespective to the initial droplet size (see Fig. 6.16 and Fig. 6.17 for salt concentrations of 10-3 w/v% and 10-4 w/v% 

at different voltages). A possible qualitative explanation for observing the two different trends for the case where 

the droplet diameter is larger than a critical diameter might be ascribed to the deformability of a droplet due to 

the applied field. For a fixed applied voltage, the deformability of a droplet probably manifests itself in the 

formation of a cone angle at the leading edge of droplet near/connected to the liquid-liquid interface. Based on 

this hypothesis, the associated cone angle is higher for larger droplets and perhaps droplets more readily form 

the cone angles favorable to the non-coalescence (bouncing) of droplet from the interface [59]. That is why at the 
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very beginning of sequential partial coalescence events, the larger droplets exhibit a bouncing like behavior at 

sufficiently large electric fields. Nevertheless, it seems that the complete bouncing (or non-coalescence) does not 

sustain or occur and there will be still a slight reduction in the size of droplets as cycle goes. The size of droplets 

gradually diminishes per cycle until reaching the critical droplet diameter, which could be assigned to an 

associated critical cone angle (or a degree of deformation). Having reached the critical droplet diameter beyond 

which a remarkable decrease in size with the cycle number observes, the tendency for coalescing exceeds the 

tendency for bouncing. As a hypothesis, this could be attributed to a critical cone angle at which a transition from 

non-coalesce to partial coalescence occurs, analogous to the recent study of Anand et al. [201] who determined 

critical cone angles at which a transition from full coalescence to partial coalescence or from partial coalescence 

to non-coalescence regimes occurred. Another possibility could be related to the sudden decline in the ratio of 

droplet charge to the droplet size. Perhaps, a droplet at this point (i.e. critical diameter value) loses its charge 

much faster, which is reflected in lower impact velocity. When the droplet charge becomes gradually less and less, 

the corresponding electrophoretic force gets lower and lower, leading to gradually shifting to coalescence regime 

passing through partial coalescence regime. That is why the droplets are expected to coalesce with the interface 

at last.                  

 

6.6 Summary   

 

The reciprocating motion of femtoliter droplets between two aqueous reservoirs under DC electric fields is 

studied. The regimes in which this so-called ping-pong motion occurs are identified in terms of the voltage, salt 

concentration, and viscosity of the surrounding oil phase. Most significantly, mass transfer between the two 

reservoirs and the droplet has been studied. While 500 nm polystyrene beads cannot be transferred from the 

reservoirs to a reciprocating droplet, a fluorescent dye is proven to be transferred. In this context, it has been 

shown that a diffusive mass transfer model can be obtained that describes the experimental data. Corresponding 

droplets with volumes in the femtoliter range may serve as tiny semi-batch reactors, allowing the addition of 

reagents and extraction of products. Alternatively, the method can be used to transfer tiny amounts of liquid 

between two reservoirs in a well-controllable way. Under certain circumstances, the reciprocating droplets exhibit 

simultaneously volume loss, reaching to eventually nanoscale sized where their detection and measurements 

become quite challenging. An interesting observation is the existence of a critical diameter in which the trend of 

decrease in droplet size versus cycle number (under application of a DC electric field) significantly changes.      
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7 Conclusions 
 

 

Droplet-based microfluidics manifests itself as a potential medium for characterizing biochemical and engineering 

processes occurring in small scales. Microfluidic and lab-on-a-chip devices is a suitable platform for performing 

and analyzing these processes in a well-controlled, efficient and fast way. Low cost of fabrication along with the 

requirement for small amounts of samples also adds the utility of microfluidic devices much broader. Droplets as 

a partner of microfluidic devices enrich the versatility of microfluidics for being a suitable colony for biological and 

chemical entities. This PhD dissertation highlights to some extent some fundamental and application studies of 

femtoliter droplets as biological reaction compartments and carriers using electric fields. In the experiments, 

different working fluid such as water, biological samples and xanthan gum solutions, shear-thinning fluids with 

zero-shear viscosities up to 104 larger than the viscosity of water, have been used. Different amounts of NaCl salt 

have been dissolved with pure water, which yield different values of electrical conductivity. Besides fluorescent 

polystyrene beads of 500 nm in diameter and Rhodamine B are added to water for proving some applications as 

well as some biological entities. In this work, electric field plays a very significant role, where the pulsed and DC 

fields are used to produce and manipulate droplets, respectively. The oil viscosity also shows to be another 

parameter influencing the dynamic behavior of droplets.  

 

In the on-stream production of droplets of water and xanthan gum solutions in sunflower oil inside a microfluidic 

T-junction, the DC electric field can tune the size of droplets similar to what the flow rates ratio of disperse to 

continuous fluids does, but comparatively in a very quicker way. It is shown that the electric field causes a 

significant decrease in the droplet diameter up to a certain field whereas larger electric field strengths only 

marginally affect the size of droplets. The sequence of pulsed electric fields with different pulse durations has also 

exhibited appealing droplet features, which shows the significant potential of electric field in manipulation of 

droplet size.             

 

For on-demand droplet generation, the pulsed electric fields are applied on an aqueous phase-oil interface inside 

a microchannel to produce droplets of water and xanthan gum solutions at certain time and specific location. The 

effects of pulse amplitude, pulse duration and salinity on the size of droplets are investigated. It has been shown 

that the production of a single droplet regime (a regime in which no droplets or multiple droplets are produced) 

is a strong function of electric field characteristics and salt concentration. To prove the applicability of droplets as 

biological reaction compartments, the electrically generated droplets containing a cell-free transcription-

translation system have shown to execute gene transcription synthesising green fluorescence protein in 

a timely and programmable fashion. Also, it has been proven that biomolecules inside the aqueous 

droplets such as small RNAs are activated from the outside through diffusion of ligand into droplets and 

binding with them.  

 

In a different scheme of droplet generation on demand, it has been demonstrated that the droplets can be 

produced on demand in between two aqueous interfaces (reservoirs) of different width. The design is such that 

the droplets are produced from the small reservoir for better control of droplet generation process. Having 
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produced the droplets in silicon oil mediums of different viscosity, they show different dynamic regimes when 

electric fields are applied. However, the regimes (being as coalescence, non-coalescence, partial coalescence and 

failure regimes) are a function of salt concentration (or electrical conductivity) and oil viscosity as well as the 

electric field strength. Of the most interest, the non-coalescence regime is the regime in which the femtoliter 

droplets undergo reciprocating motion (ping-pong motion) between two aqueous reservoirs under DC electric 

fields. It has been observed that 500 nm polystyrene beads are not able to transfer from droplets to the reservoir 

in a reciprocating motion (at non-coalescence regime), whereas switching from non-coalescence to coalescence 

regime via sufficiently reducing the electric field strength makes the transfer possible. By contrast, it is proven 

that the transfer of dissolved fluorescent dye molecules becomes possible by the droplets reciprocating between 

the two reservoirs in the non-coalescence regime. Accordingly, the mass transfer between the two reservoirs and 

the droplets has been investigated and a model based on diffusive mass transfer is given, which describes the 

experimental data. Therefore, the method can be used to transfer tiny amounts of liquid between two reservoirs 

in a selective and controllable way. Interestingly, at sufficiently small salt concentrations, the droplets have shown 

to simultaneously lose their volume while reciprocating between the two reservoirs, a regime so-called “partial 

coalescence”. In this regime, the submicron droplets are eventually produced after a sequence of partial 

coalescence events whose sizes are sometimes challenging to identify.          
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Appendix 
 

 

Table A1 (a) Plasmid sequence of P70-deGFP-T500. The promoter highlighted in blue, the deGFP-coding sequence in green, 
and the terminator in grey. (b) Primer sequences for the PCR-assembly of T7-iSpinach construct. The sequence of the T7-

promoter is displayed in red, the iSpinach-RNA aptamer sequence is displayed in green, and the 5’ spacer in yellow. 
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Fig. A1 Individual fluorescent traces of water-in-oil droplets for a total duration of two hours (n=23 droplets). The traces were 

used to generate the fluorescence curve of Fig. 5.7. 
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