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Dilution of microfluidic droplets where the concentration of a reagent is

incrementally varied is a key operation in drop-based biological analysis. Here, we

present an electrocoalescence based dilution scheme for droplets based on merging

between moving and parked drops. We study the effects of fluidic and electrical pa-

rameters on the dilution process. Highly consistent coalescence and fine resolution

in dilution factor are achieved with an AC signal as low as 10 V even though the

electrodes are separated from the fluidic channel by insulator. We find that the

amount of material exchange between the droplets per coalescence event is high

for low capillary number. We also observe different types of coalescence depend-

ing on the flow and electrical parameters and discuss their influence on the rate of

dilution. Overall, we find the key parameter governing the rate of dilution is the du-

ration of coalescence between the moving and parked drop. The proposed design is

simple incorporating the channel electrodes in the same layer as that of the fluidic

channels. Our approach allows on-demand and controlled dilution of droplets and

is simple enough to be useful for assays that require serial dilutions. The approach

can also be useful for applications where there is a need to replace or wash fluid

from stored drops. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4891775]

I. INTRODUCTION

Droplet-based microfluidic systems are emerging as an attractive platform to perform a va-

riety of chemical and biological assays due to numerous benefits including small sample vol-

ume, short reaction time, high sensitivity, simple fabrication, and ease of automation.1–4 In any

typical application, droplets of pico- to nanoliter volume containing the reaction agents are

manipulated through the channels and one or more operations are performed at specified loca-

tions. Among the droplet operations, modifying the contents of a droplet through dilution or

exchange of materials plays a vital role in applications involving serial dilutions. Serial dilution

is a stepwise dilution process where the factor by which a substance is diluted in each step is

constant. Serial dilutions are important in a variety of biological applications including protein

crystallization,5,6 cytotoxicity assays,7–9 and dose-response analysis of drug compounds.10,11

Hence, the capability of serial dilution of microfluidic droplets is a highly desirable feature for

conducting biological analysis in a lab-on-a-chip format.

Various microfluidic techniques have been reported in the literature for producing drops of vary-

ing chemical concentration. Song and Ismagilov12 demonstrated that by varying the flow rates of the

constituents of the dispersed phase, droplets of varying concentration but of uniform volume can be

generated. By designing an automated liquid presenting system and controlling the flow rates and du-

ration of aspiration of liquids into a capillary, Du et al.13 generated linear arrays of droplets of varying

size and concentration. A different design was proposed by Jambovane et al.14 to generate gradations

of concentration in droplets. Instead of controlling the individual flow rates of the reagents, they
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controlled the dispensed volumes of the reagents by varying the timing of microvalves installed at re-

spective channels so that each droplet contains a different amount of a reagent. Wegrzyn et al.15

developed a multilayer polycarbonate device with different combinations of fluidic resistances along

the channels corresponding to the two sample liquids. Each combination of resistance results in speci-

fied flow rates which in turn produces a particular composition in the droplet. However, the flexibility

in producing a wide concentration range is limited by the number of combinations of resistive paths,

and the footprint of the device increases with the number of combinations. Miller et al.10 utilized the

Taylor-Aris dispersion phenomenon to covert a pulse of a compound to a smooth gradient of concen-

tration in the capillary before producing droplets of varying concentration of the compound.

A different approach to modify reagent concentration is to coalesce drops with different

initial concentration. There have been a number of reports demonstrating various techniques for

performing droplet coalescence. Broadly, there are two approaches to achieve coalescence of

droplets in microfluidic devices: the passive and the active methods. In passive methods, a

unique geometric feature in the device either slows down the drop speed and decreases the

interdroplet spacing16–18 or temporarily immobilizes a droplet until the next one collides with

it.19,20 While these methods are simple, the flexibility to achieve coalescence is limited because

drop sizes, approach velocities (which dictates the time needed to drain the separating oil film),

and the timing at which droplets can interact cannot be controlled independently. Moreover,

since the merged droplet is removed from the site after binary collision, the concentration of

every sample droplet is reduced by a factor of only two precluding serial dilutions.

Passive coalescence has also been demonstrated by utilizing the difference in size, viscos-

ity,21 and interfacial tension22,23 between adjacent droplets. However, these techniques require

careful control of the pumps to synchronize the target droplets of different properties, and the

resulting dilution for each sample droplet is limited to a factor of two only. Generation of con-

centration gradient in moving and immobilized droplets was also demonstrated by Sun et al.24

and Sun and Vanapalli,25 respectively. Here, a long plug of liquid passively coalesces with

trapped sample droplets and sequentially dilutes them producing a fine-gradation dilution.

However, the coalescence time increases with the amount of surfactant and with high surfactant

concentration coalescence does not occur at all. A microfluidic serial dilutor was demonstrated

by Niu et al.26 for a single trap where the incoming droplet merges with the trapped droplet

and ejects a droplet on the outlet side. Since the ejected droplet is of identical volume to that

of the incoming droplet, the dilution factor (DF) per coalescence event is determined by the

volumes of the trapped (Vt) and moving (Vm) droplets. Recently, Korczyk et al.27 also reported

a microfluidic serial dilution device where droplets are generated and immobilized in traps, fea-

turing multilayer channels of different cross-section, by controlling the rate and direction of liq-

uid flow. The total range of achievable dilution is set by the total number of traps.

In many applications, it is necessary to have droplets stabilized by adding surfactant to the

continuous phase. Drops are coated with surfactant to prevent biomolecule adsorption to chan-

nel walls, mitigate transport of compounds across the interface of the droplet, and improve the

wettability to ensure smooth flow of droplets.28,29 In case of surfactant-added systems, the pas-

sive methods cannot be used for reliable coalescence of droplets. Hence, different active meth-

ods have been developed where an external energy source disrupts the droplet interfaces and

forces them to merge together. Baroud et al.30 reported an infrared laser based selective coales-

cence of droplets where the tightly focused beam creates a gradient of surface tension due to

thermocapillary action. Electric current induced heat has also been employed to cause coales-

cence of droplets in microfluidic channels.31 Recently, Xiang-ting et al. demonstrated that sur-

face acoustic waves can also be used in microfluidic devices for droplet coalescence.32

Electric field mediated coalescence, termed as electrocoalescence (EC), has been demon-

strated by a number of research groups. The advantages of EC are the controllability, simple

peripheral components, and high potential for integration to portable lab-on-a-chip format. In

EC based devices, the common feature is a pair of surface electrodes, either in simple rectangu-

lar design33–37 or interdigitated format,38–40 fabricated onto the lower substrate of the device.

The electrodes, positioned at the specified location along the channel, are in direct contact with

the fluid or passivated by a thin layer of insulating material. When energized, the spatial
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distribution of electric field generates electric stress on the interface owing to discontinuities in

the permittivity and conductivity between the dispersed and continuous phases. If the electric

stress is strong enough, it deforms the interface and enforces the coalescence.33,39

All of the active coalescence methods discussed above solely demonstrates binary drop co-

alescence limiting the final concentration of a sample droplet to be reduced by a factor of only

two. However, assays based on serial dilution require gradations in compound concentration

within drops, over a broad range. In addition, fine resolution in concentration gradation is

essential for identifying accurately the dosage at which the target compound was effective. In

this paper, we propose a microfluidic device featuring EC based dilution of a trapped droplet

and capable of generating fine resolution in concentration gradient. The device has channel

electrodes embedded into the same layer as that of the fluidic paths. This method simplifies the

device fabrication by eliminating the steps involving metal deposition and etching and align-

ment of the substrate with the fluidic channels. Similar electrode design was used by Abate

et al.41 for high-throughput injection of reagents to moving droplets. Picoinjection of reagents

into moving droplets was also achieved using an electrode-less design.42 In both approaches, a

combination of electrical stress and pressure is used to inject reagent, whereas in our method

only electric field is required. In addition, the amount of injected reagent is constant for all the

incoming droplets unless the pressure in the reagent channel or the droplet size is varied on the

fly, making their approach less flexible for serial dilution assays, compared to our method.

II. BASIC PRINCIPLE AND DEVICE DESIGN

A schematic diagram, as shown in Figure 1(a), illustrates the concept of electrocoalescence

based serial dilution of a trapped droplet. Surfactant covered droplets are generated at a

T-junction and made to electrocoalesce with a trapped drop of defined initial concentration.

The gradient of concentration can be generated either in the stream of moving droplets or in

the trapped droplet by controlling the number of coalescence events. Figure 1(b) shows the

three dimensional model of the microfluidic device used for the electrocoalescence based dilu-

tion of droplets. The main channel divides into two fluidic paths: the lower path consists of a

cylindrical trap and a constriction along the main channel, and the upper path is the bypass hav-

ing a rectangular cross-section. A segment of the bypass channel near the trap is inclined at 45�

with respect to the main channel. The widths of the main channel, the bypass, and the constric-

tion are 145 lm, 100 lm, and 40 lm, respectively. The diameter of the trap is 270 lm, and the

volume of the trapped liquid is approximately 11.5 nl. The channel height is uniformly 200 lm

in the device. The ratio between the hydrodynamic resistances of the trap and the bypass is 1.8.

Thus, it is possible to fill the trap with the sample liquid according to a hydrodynamic feedback

trapping mechanism43,44 or by fragmenting a long immiscible plug.24,45

Once the trap is filled, the resistance along the lower path increases significantly causing the

incoming droplets to follow the bypass. Figure 2 demonstrates the working principle of on-

demand coalescence between the moving drop and the trapped drop. In the absence of electric

field, the moving drop glides past the trapped drop. Although the interfaces are pushed against

each other, shown by the deformation of the left-side interface of the trapped drop, coalescence

due to hydrodynamic forces does not occur. However, in the presence of electric field, when the

moving drop is near the trap, coalescence and material exchange take place. The liquid bridge

resulting from coalescence remains until the tail of the moving drop tears off. The process of coa-

lescence, followed by the break-up, does not affect the volume of the trapped or moving drops

except the concentration. Thus, in our method, the electric field actuation does not need to be

synchronized with droplet position, making it simple and free of feedback control.

Electrodes are incorporated through the channels filled with liquid metal alloy in the same

layer of PDMS (polydimethylsiloxane). In our device, the width of the electrode channel is

50 lm and the gap between the fluidic and electrode channels is 30 lm. This type of electrode

design produces stronger electric field stresses than the surface electrodes embedded on channel

floor, since the electric field lines pass through the fluidic channel and the field strength is uni-

form along any vertical plane. The electric field strength generated by the surface electrodes is
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non-uniform along any given vertical plane. Moreover, the liquid alloy-based electrodes can be

designed such that the electric field lines are oriented along the desired direction that intensifies

the deformation on both the trapped and moving droplets. This feature is illustrated in Figures

1 and 2, where the active portion of the upper electrode channel is parallel to the inclined por-

tion of the fluidic bypass, and that of the lower electrode channel follows the profile of the

main channel and the trap partially.

To investigate how the proposed design of the channel electrodes facilitates coalescence by

generating electric field lines in the desired region, we performed simulations in COMSOL

Multiphysics
VR

3.5. Since solving the coupled problem of hydrodynamics, drop deformation, and

electrical stresses is quite challenging, we pursue a simpler route by taking representative static

(deformed) drop shapes and calculating the resulting electric field distribution. As we discuss

below, this simplified approach provides useful insights into regions where electrical stresses

are strongest, thus aiding in device design and understanding the mechanisms of coalescence.

The capillary number (Ca) represents the relative strength of viscous forces over interfacial

forces, and is given by ul=c, where u is the carrier fluid velocity, l is the carrier phase viscosity,

and c is the interfacial tension between the continuous and dispersed phases. The typical value of Ca
in our system is 0.00137, which signifies that the interfacial forces dominate. The relative strength

of the stress of electrical origin to that of interfacial origin is given by the electrocapillary number,

ECN ¼ e0eV2

2dc , where e0 is the permittivity of vacuum, e is the dielectric constant of dispersed phase,

FIG. 1. Electrocoalescence-based serial dilution microfluidic device. (a) Schematic of the electrocoalescence based dilution

process, showing the drop generation, electrocoalescence, and the serially diluted droplets (left). Because of electrocoales-

cence, the drops merge causing a two-way transfer of fluid (right). (b) The three-dimensional model showing the detailed

design of the device. Widths of main channel, bypass, electrode channel, and trap are 145, 100, 50, and 270 lm, respec-

tively. Channel heights are uniformly 200 lm in the device.
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V is applied voltage, and d is the distance between electrodes. In our system, ECN ¼ 1:15, indicat-

ing that the magnitudes of both the electric stress and the interfacial stress are of the same order.

Comparison between the charge relaxation time (sc ¼ e0e
r , where r is droplet conductivity) and the

viscous relaxation time (sl ¼ qL2

l , where q is density, and L is characteristic length) provides insights

regarding the electrical and hydrodynamic processes, respectively. For the material properties and

geometry in this study, sc ¼ 125 ls and sl ¼ 23 ms indicating the viscous process is very slow com-

pared to the migration of induced charges towards the interface. Therefore, for a given position and

shape of the moving droplet, electric field analysis provides a very good approximation of the

coupled electrohydrodynamic analysis.

To execute the simulations, we used the quasi-electrostatics module and analyzed the time-

harmonic in-plane electric current that includes the effect of the frequency of the applied voltage as

well as the conductivities of the materials. The curvature of the liquid-liquid interfaces along the ver-

tical plane was not considered, which allowed simplified analysis using the two-dimensional model

of the geometry. Appropriate material properties were assigned to the subdomains and an electric

potential difference of 50 Vac (5 kHz) was defined between the electrodes. All other interior bounda-

ries were set to continuity of the current density and the exterior boundaries of the model were set to

electric insulation. The conductivities of PDMS and the continuous phase were assumed to be zero,

and the conductivity of the dispersed phase was set to 5.5 lS/m.

Coalescence between the moving and parked droplets starts near the region at the mid-

plane of the main channel, since the droplets are closest in this region owing to the curvature

FIG. 2. Time-stamped images showing the operation of the microfluidic device. Left column: In the absence of electric

field, the moving drop does not coalesce with the trapped drop, right column: With an applied electric field, coalescence

occurs as the moving drop enters the bypass.
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of the interface. To induce coalescence, the electric field lines should penetrate into the channel

and affect the regions of interfaces near the mid-plane. When the applied signal is DC or of

low frequency, the potential of a droplet of ionic or aqueous liquid is constant due to the con-

ductivity or polarizability of the liquid.46 This results in a strong electric field on the interface

near the wall of the channel, and no field lines penetrate inside the droplets. The electric field

near the wall causes only a change in the contact angle, which does not facilitate coalescence

between the droplets. If an AC signal of moderately high frequency is applied, electric field

lines are distributed inside the channel and the droplets and pass through both the droplets con-

necting the regions where the interfaces are closest.

Figure 3(a) shows the distribution of electric potential and field lines when the moving

drop is at the junction of the trap and the bypass. Among the electric field lines connecting the

two electrodes and passing through the region to the left of the wall between the trap and the

bypass, a large number of lines penetrate both the drops. These are the lines along which the

electric stresses act on the liquid-liquid interfaces, and the net effect is the deformation of the

interfaces and the reduction of the continuous-phase film thickness. If the electric stresses are

strong enough to bring the interfaces in contact and destabilize, the drops coalesce.33 The rest

of the electric field lines is responsible for the change in contact angle of the drop on the chan-

nel walls. When the moving drop has entered the bypass escaping coalescence at its front end,

shown in Figure 3(b), most of the electric field lines pass through both the drops and the con-

tinuous phase. The resulting forces deform the interfaces and are responsible for the coales-

cence at the body of the moving drop. Figure 3(c) portrays the scenario when the drop is inside

the bypass having only the tail end in the region between the upper electrode and the trap.

Since a significant number of field lines can still connect the interfaces on both drops and a liq-

uid bridge below the PDMS wall—separating the trap from the bypass—is possible, coales-

cence can take place at the tail end of the moving drop.

FIG. 3. Simulation results showing the distribution of electric potential (color) and field (streamlines) for three positions of

the moving drop; (a) the droplet is close to the trap, (b) the droplet has partially entered the bypass, and (c) the droplet has

entered the bypass, only the tail is in the active region.
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III. MATERIALS AND METHODS

The PDMS microfluidic devices were fabricated using the standard soft-lithography.47 We

used deionized water as the dispersed phase (diluting drops) and mineral oil (Sigma- Aldrich)

containing 2% (wt/wt) Span-80 (Fluka) as the continuous phase (surface tension: 0.005 N/m).

Black food color dye (McCormick) was diluted 20� by deionized water and used as the sample

liquid for the trap. Drops were generated at a T-junction using syringe pumps (PHD 2000,

Harvard Apparatus). Before starting the experiments, a liquid cartridge consisting of the sample

plug, oil plug, and the diluting plug in the Tygon tube was prepared.24 One end of the tube was

connected to the syringe (Gastight 1710, Hamilton) and the other end was connected to the hol-

low pin fitted to the inlet for the dispersed phase on the microfluidic device. The electrode

channels were filled with eutectic gallium-indium alloy (Sigma-Aldrich) which is liquid at

room temperature. A syringe was partially filled with the liquid electrode, followed by filling

the channels by pressurizing the syringe. Electrical connections to the two electrode channels

were made through metallic pins inserted into the respective inlets. We used a function genera-

tor (Agilent 33509B) to generate sinusoidal voltage signals, which were amplified by a high

voltage power amplifier (Trek 2210). The two ends of the amplifier were connected to the elec-

trodes in the device.

For each dilution experiment, the trap was filled with sample liquid first. Once all the sam-

ple liquid and oil has crossed the T-junction, droplets of diluting liquid were generated. We

waited for the production of diluting drops to stabilize (typically 5 min) before the electric field

was applied. We used a CCD camera (StreamView LR, SVSi) mounted on a stereo microscope

(SZX16, Olympus, Japan) to record grayscale image sequences at 60 frames per second. The

total intensity value of the trapped drop was calculated in MATLAB and the dilution fold was

determined from the calibration between pixel intensity and dilution fold. The lowest concentra-

tion detectable by the camera was limited by the sensitivity of the sensor. We found that the

pixel intensity corresponding to a 500� diluted droplet saturates the camera sensor.

IV. RESULTS AND DISCUSSION

We investigated the electrocoalescence based dilution in relation with different fluidic pa-

rameters and applied voltages. In particular, the dilution of trapped droplets was studied at dif-

ferent speeds and sizes of the moving droplets. The range of droplet speed and size that was ac-

cessible in experiments was limited by the reliability of the pump to generate steady flow rates

as well as the allowable maximum pressure difference across the parked droplet to prevent it

from squeezing through the trap. We characterized the effects of these parameters by plotting

the DF, defined as the ratio between the concentration of the trapped droplet before any coales-

cence (Cp0) and that after coalescence (Cp).

A. Effect of capillary number on dilution

Figure 4(a) shows the DF as a function of number of coalescence events for three capillary

numbers (Ca). The applied signal was a sinusoidal voltage of magnitude of 50 V and frequency

of 5 kHz for all studies unless specified otherwise. In all the cases, the flow rate ratio between

the oil phase (Qo) and the dispersed water phase (Qw) was kept constant at 3. This resulted in

uniform size of diluting droplets, since it is well-known that the size of the droplets in a

T-junction is a function of the ratio between the flow rates.26 The dilution factor is approxi-

mately linearly related to the number of coalescence events up to a large number of events.

The linear relation between DF and number of events signifies that each moving droplet carries

away equal amount of dye particles from the trapped droplet. However, we observed that the

rate of dilution per coalescence event decreases towards the end (see Fig. 4(a)). The possible

mechanism of equal amount of material transfer and the decline at large number of coalescence

events is discussed in Sec. IV E.

The linear relation between DF and number of coalescence events could be very useful in

predictive dilution applications. It is also evident in Figure 4(a) that the dilution rate is higher
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for droplet flows characterized by lower Ca. At low Ca, the droplets travel at low speed allow-

ing longer duration of coalescence, shown in Figure 4(b). As a result, the total material

exchange in one coalescence event is also high. The underlying mechanism of material transfer

during coalescence depends on: the local concentration of dye particles at the coalescing front

of the trapped droplet immediately before the event and the advection-diffusion occurring in

the merged droplet. The concentration near the front after an event is different from that in the

bulk of the trap. Mixing of particles, influenced by molecular diffusion and flow inside the trap,

continues until the next event. Thus, the higher dilution factor per event for low Ca is due to

the homogenized concentration before each event and the favorable advection-diffusion of dye

particles. The error bar for the duration coalescence is high for low Ca due to the fluctuation of

flow-rate of the pump.

B. Effect of droplet size on dilution

We also investigated the effect of moving droplet size on the dilution factor per coales-

cence event. Here, the flow rate of the continuous phase was kept constant at 30 ll/h, while the

flow rates of the dispersed phase were 10 ll/h, 15 ll/h, 20 ll/h, and 25 ll/h. The results, shown

in Figure 5(a), confirm the general relation of the DF as a function of the number of coales-

cence events. It appears that smaller moving droplets dilute at higher rates than the larger drop-

lets. However, since we did not control the size and speed (therefore Ca) independently (the av-

erage speed of the droplet increased with the size as shown in Figure 5(b)), the differences in

FIG. 5. Effect of droplet size on dilution. (a) Dilution factor as a function of droplet size for Qo¼ 30 ll/h and Qw¼ 10, 15,

20, and 25 ll/h. (b) The duration of coalescence (diamond) and droplet speed (circle) as a function of droplet length (L). w

is the width of the channel.

FIG. 4. Effect of capillary number on electrocoalescence based dilution. (a) Dilution factor as a function of the number of

events for three capillary numbers; Qw/Qo¼ 0.33 for all the cases, (b) duration of coalescence (diamond) and droplet speed

(square) for the three capillary numbers.
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the rate of change of DF for different droplet sizes could be simply due to the differences in

Ca. This reasoning is supported by (i) the lower dilution factor observed with higher Ca in

Figs. 4(a) and 5(a) and (ii) the reduced, rather than an increase in duration of coalescence with

drop size as shown in Fig. 5(b).

It is noted that the results for Ca¼ 1.26� 10�3 appear to deviate from the expectation in

that the overall dilution profile lies above that corresponding to Ca¼ 1.14� 10�3. However, the

mean and standard deviation, as percentage of the mean value, of the duration of coalescence

are 365 ms and 11.14% for Ca¼ 1.14� 10�3 and 356 ms and 15.31% for Ca¼ 1.26� 10�3.

The variability in the duration of coalescence, when the mean values of durations are not statis-

tically different, contributed to the exception in the result. This variability is caused by the fluc-

tuations in the flow-rates and droplet size variation (standard deviation �7% of mean droplet

length). In general, the standard deviations (11.25%, 9.5%, 11.14%, and 15.31%, respectively)

as percentages of the mean values of duration are higher than those in the studies with constant

droplet sizes (compare Figs. 4(b) and 5(b)). These higher standard deviations can be attributed

to the larger sizes of droplets.

Further investigation revealed that the reason for variability in the coalescence duration with

larger drops is due to different modes of coalescence. Depending on the position—along the body

of the moving droplet—where coalescence occurs, we identified four types of coalescence and

they are shown in Figure 6. In the “head” type coalescence, the interfaces fuse together as soon as

the moving droplet is at the junction of the trap and bypass. This type of coalescence is desirable

because the greatest dilution per droplet takes place due to the longest time available for material

exchange. The “head” coalescence is typical for small moving droplets at low speed. In a given

experimental condition, the type of coalescence varied from “head” to “body” types for longer

droplets. The “tail” type coalescence occurs when a droplet is almost into the bypass and only the

tail remains below the wall separating the trap and the bypass. Electric field lines passing through

the trap and the tail of the moving drop can deform the interfaces near the separating wall and

remove the oil film very quickly causing the coalescence. The resulting duration of material

exchange is very short; however, it is highly uniform since the projected length of the tail is inde-

pendent of the size of the droplet. The duration of coalescence and hence the rate of DF depend on

the length of the droplet in all other types of coalescence.

The underlying mechanism that dictates the type of coalescence is not fully clear and needs

further research. One of the possible reasons might be time dependent adsorption/desorption of

the surfactant molecules on the interface of the trapped droplet. The mass exchange due to local

flow profile and diffusion may result in the variation of surfactant concentration from one coa-

lescence event to the next. Consequently, the duration of coalescence between two successive

encounters varies while the distance between two adjacent moving droplets is fairly uniform.

Another contributor to the types of coalescence is the variability in the drop size, which is

�7% owing to fluctuations in the fluid flow rate.

C. Effect of voltage on dilution

To investigate the effect of the magnitude of applied electric field on the dilution rate, we

varied the amplitude of the voltage signal and maintained constant flow rates of the continuous

and dispersed phases constant at 30 ll/h and 20 ll/h, respectively. The frequency of the applied

signal was constant at 5 kHz. The results, shown in Figure 7(a), follow the same general pattern

of DF as a function of the number of coalescence events. We did not observe any coalescence

with voltages lower than 10 V. Consistently “tail” type coalescences were observed with an

applied signal of 10 V. Due to the short duration of each coalescence, the rate of DF is very

low, and the dilution was discontinued after �320 events. It is worth noting that due to the low

but constant rate of dilution, this type of coalescence might be very useful in applications

requiring fine resolution in the dilution factors over a small range. With higher applied voltages,

the difference in the rate of dilution is negligible and can possibly be attributed to the variation

in the durations of coalescence. As shown in Figure 7(b), the duration of coalescence is nearly

constant for voltages greater than 10 V. This indicates that there exists a threshold voltage for
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achieving “body” type coalescence, and for the specified geometry and fluidic conditions, the

threshold is 20 V.

D. Investigation of the length of contact

Since the amount of dilution per coalescence event also depends on the type of coales-

cence, it is important to identify the dominating parameter influencing the coalescence process.

Here, we consider the total contact length of the moving droplet as an indicator of the type of

coalescence. Figure 8 shows the mean contact length (L0) normalized by the mean droplet

length (L) for different capillary numbers and applied voltages. Here, L0 is defined as the length

along the longitudinal axis of the droplet from the contact point to the tail. Therefore, L0/L¼ 1

FIG. 6. Images showing different types of coalescence, (a) head, (b) upper body, (c) lower body, and (d) tail. Qo¼ 30 ll/h

and Qw¼ 20 ll/h, applied voltage: 20 V.
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indicates coalescence at the front end of the moving droplet, whereas L0/L¼ 0 indicates coales-

cence at the tail end. However, these two values were not observed in our study due to the geo-

metric features of out device. The front end of the moving droplet always enters and bends

toward the bypass, driven by the significantly higher flow rate of the continuous phase com-

pared to that through the trap, before the coalescence occurs and this is illustrated in Figure

6(a). When the droplet is fully into the bypass, the tip of the tail end has crossed the imaginary

perpendicular line from the tip of the separating wall to the upper electrode. At this point, it is

hydrodynamically infeasible to deform the interfaces to such a great extent and create a liquid

bridge between the two droplets while the distance between them is continuously increasing.

Thus, the feasible range of L0/L is between values greater than zero and less than one. Indeed,

the maximum value we obtained from a “head” type coalescence is 0.88, and the minimum value

is 0.1 that corresponds to the consistently “tail” type coalescence. For an applied voltage of 50 V,

the L0/L decreases with the capillary number irrespective of the size of the moving droplet. This

suggests that to achieve higher dilution fold from a fewer number of coalescence events the flow

rates should be low. However, for 20 V the above trend was not observed, which could due to the

variability in the droplet size as well as the weaker electric field.

E. Discussion

The general trend of dilution as a function of number of coalescence events is the same for

all types of experiments. We find that the dilution rate is fairly constant for a significant num-

ber of coalescence events during the early phase. The dilution factor per event, a ¼ Cp0

Cp;nþ1
� Cp0

Cp;n
,

FIG. 7. Effect of applied voltage on dilution. (a) Results of dilution factor as a function of the number of coalescence events

for different applied voltages; Qo¼ 30 ll/h and Qw¼ 20 ll/h. (b) The duration of coalescence as a function of applied

voltage.

FIG. 8. Types of coalescence events based on the length of contact. (a) Image showing how the length of contact (L0) is

measured and (b) the length of contact in coalescence normalized by the droplet length as a function of capillary number

and applied voltages.
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was found from the slope of the linear portion of the dilution profiles for different experiments.

We considered 50 coalescence events as the limit of the linear trend. The maximum standard

deviation of the error between the linear fit and data-points is found to be 0.11. Figure 9(a)

shows the plot of dilution factor per coalescence event as a function of the duration of coales-

cence for different droplet sizes and speeds and applied voltages. The dilution factor per coales-

cence event is strongly correlated and monotonically increases with the duration of coalescence.

If the initial concentration (Cp0) in the parked drop is known, the concentration in the moving

drop after a coalescence event can be estimated as Cm ¼ Cp0
Vp

Vm

a
1þa

� �
, where Vp and Vm are the

volumes of the parked and moving droplet, respectively, and a is the slope of the linear portion

of a given dilution profile.

The linear portion of the profiles of dilution factor signifies that the amount of dye transfer

in each of the coalescence events in this phase is constant. During coalescence, a circulatory

motion near the periphery of the parked drop was observed. Moreover, the interval between

successive events was shorter than the time needed for full mixing of the dye in the parked

drop, indicating that the concentration distribution of the dye in the drop is non-uniform before

a new coalescence encounter occurs. As a result, the low-concentration region of the parked

drop is pushed away from the coalescing front by the circulating high-concentration mixture

(see Figures 9(b) and 9(c)). However, after a large number of events, the concentration of dye

decreases considerably resulting in the gradual decrease in the rate of dilution per coalescence

event towards the later phase. From image analysis, we found that the total intensity of the

parked droplet gradually decays after a coalescence event until the next event. This decay cor-

responds to the mixing and redistribution of dye particles. The estimated time for full mixing,

corresponding to the time needed to reach a plateau, is �1600 ms. However, the typical time

interval between successive incoming droplets was �300 ms. It is possible to implement drop-

on-demand generator48 to control the time interval between drops independently of drop size,

enabling full mixing within the parked drop, before the next coalescence event.

We observed different types of coalescence depending upon the position along the body of

the moving drop where coalescence starts. For smaller drops, the variation in the type of coa-

lescence is not significant even if the capillary number changes by a factor of two. But for

larger droplets, the type of coalescence varies considerably between “head” and “body” types.

Different types of coalescence result in different amounts of dye transfer. We observed dilution

factor per coalescence event to be as low as 0.0096 due to “tail” type and as high as 0.232 for

FIG. 9. (a) The dilution factor per coalescence event (a) as a function of the duration of coalescence process for different

experimental conditions; (b) and (c) the images of the parked droplet showing the regions of low concentration of dye im-

mediately after a coalescence event and just before the next event, respectively.
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“head” type coalescence. Thus, by controlling the type of coalescence, the dilution rate can be

controlled.

The variation in the type of coalescence for a given droplet size and speed is likely due to

the variation in the interfacial tension at the parked drop-oil interface that could lead to

Marangoni flows and therefore fluid circulation within the drop. The spatial variation of interfa-

cial tension depends on the distribution of surfactant at the interface, where the distribution

could result from both advection-diffusion and adsorption-desorption mechanisms. The average

interval between successive coalescence events in our experiment was �300 ms. Based on the

concentration of surfactant used in this study, the approximate adsorption and desorption time

scales are found to be �1.14 ms and �0.146� 106 s, respectively.49 Thus, the characteristic

adsorption time is much shorter whereas that of desorption is much longer than the typical

interval between two successive coalescence events. This indicates that the difference in the

type of coalescence for a given experimental condition is most likely not due to adsorption-

desorption phenomena. Instead, we find using ring tensiometry that the dye particles act as sur-

factants because the interfacial tension decreases from 45.6 mN/m for no dye to 2.6 mN/m for

1% (wt/wt) black dye in water. Thus, it is possible that the coalescence-induced hydrodynamics

and the diffusion of black dye driven by the local concentration gradient in the parked drop

play major roles in the variation of interfacial tension on the coalescing front from one event to

another. Probing these mechanisms could be a subject of future investigations.

Nevertheless, the proposed method can be used for advanced applications requiring on-

demand dilution, and Figure 10 demonstrates such function. First, the electric field was alter-

nately switched on or off for four consecutive droplets. Thus, four consecutive droplets coa-

lesced with the parked droplet whereas next four droplets did not coalesce with the parked

droplet. Second, the electric field was alternately switched on or off such that every other mov-

ing droplet coalesced with the parked droplet. Finally, the field was kept on so that every mov-

ing droplet coalesced with the parked droplet. It is also possible to add more functionality by

incorporating multiple traps storing different sample liquid for on-demand storage and multi-

plexed dilution and mixing.

FIG. 10. Photograph showing on-demand coalescence and dilution. Actuation phase I: electric field was turned on or off

for four droplets; actuation phase II: every other droplet coalesced; actuation phase III: electric field is on for all the

droplets.
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V. CONCLUSIONS

Electrocoalescence based dilution of a trapped droplet has been investigated. The fractional

dilution of the trapped droplet per coalescence event was studied for different droplet size,

speed, and applied voltages. Results show that dilution is strongly influenced by the characteris-

tic capillary number. At low capillary numbers, the coalescence is mainly “head” type, although

fluctuations in the flow rate as well as the variations in droplet size affects the duration of coa-

lescence. The duration is uniform in case of “tail” type coalescence which might be utilized in

applications requiring very small amount of dilution. The microfluidic device proposed here

does not require any additional fabrication process for the electrodes. The electrodes are formed

by the liquid-metal alloy filling the appropriately designed channels.

Although the thickness of PDMS layer separating the electrodes and the fluidic channel was

30 lm, consistent coalescence was achieved with 10 V. This demonstrates the potential of the cur-

rent design for a portable lab-on-a-chip which might be operated by a battery. The design pro-

posed here can be adapted to serial dilution applications requiring fine gradation of dilution

between successive coalescence events. Since the electric field can be turned on or off very fast,

on-demand coalescence and dilution with any sequence of moving droplets can be performed with

this device. The proposed method can also be used in applications requiring washing or reagent

exchange from stored droplets containing particles or cells.50 We envision that cells could be

stored in a series of trapped drops24 and media exchange could be achieved by introducing train of

moving drops that coalesce with the trapped drops. If simultaneous washing or exchange is

needed, all the positive (and negative) electrodes near traps can have a single connection without

complicating the design and operation. In addition, active control of the applied field can be auto-

mated by implementing a droplet sensing mechanism in front of the trap.
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