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splitting and dispensing in electrowetting 
on dielectric digital micro�uidics
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Abstract 

This letter reports two novel electrode design considerations to satisfy two very important aspects of EWOD opera-

tion—(1) Highly consistent volume of generated droplets and (2) Highly improved accuracy in the generated droplet 

volume. Considering the design principles investigated two novel designs were proposed; L-junction electrode 

design to offer high throughput droplet generation and Y-junction electrode design to split a droplet very fast while 

maintaining equal volume of each part. Devices of novel designs were fabricated and tested, and the results are 

compared with those of conventional approach. It is demonstrated that inaccuracy and inconsistency of droplet vol-

ume dispensed in the device with novel electrode designs are as low as 0.17 and 0.10%, respectively, while those of 

conventional approach are 25 and 0.76%, respectively. The dispensing frequency is enhanced from 4 to 9 Hz by using 

the novel design.
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Background

Electrowetting on dielectric (EWOD) digital microfluid-

ics is a promising method of droplet manipulation that 

controls each droplet individually by an applying external 

electric field to the designated electrodes [1–3]. Since cre-

ating discrete droplets and pumping of liquids are done by 

surface tension alone, EWOD digital microfluidics does 

not require intricate systems such as channels, pumps and 

valves to drive and regulate flows [4, 5]. In addition, direct 

manipulation of discrete droplets enables fabrication 

and operation of highly automated microfluidics systems 

with more flexibility and higher efficiency [6–12]. Due 

to these unique advantages, EWOD digital microfluidics 

has been used for tremendous applications such as medi-

cal [13–19], display [20, 21], optics [22, 23], and cooling 

[24, 25]. In addition, there are many recent EWOD stud-

ies on engineering applications such as optofluidics and 

solar energy [26, 27]. In most of these applications, flow 

rate, concentration, and energy transfer rate are totally 

dependent on the volume of a unit droplet and their 

arrival frequency to a designated area. �erefore, accu-

racy and consistency of the volume of a unit droplet and 

its dispensing frequency are extremely important.

Inaccuracy in volume of the dispensed droplet is 

defined by the difference between the actual dispensed 

volume and the predicted (e.g. target) volume (volume 

subtended by the droplet dispensing electrode) divided 

by the predicted volume. Usually, volume inaccuracy of 

less than ±5% is sufficient for most of the biomedical 

applications [28]. Although there are very few reports 

regarding volume accuracy in droplet dispensing, it is 

well known that the actual dispensed volume is usually 

larger than the predicted volume [29] due to the extra 

amount of liquid added by liquid tail.

On the other hand, inconsistency in volume of the 

dispensed droplet is defined by the fraction of standard 

deviation associated with a set of dispensed volumes 

to their mean value. It was reported that the volume 

inconsistency must be below 10%, and preferably below 

5% for drug discovery applications, while it needs to be 
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maintained within 2% for microdialysis applications [28, 

30]. Many previous literatures concerned poor consist-

ency of EWOD devices [31–33] and suggested using 

of capacitance metering with feedback control and/or 

external pressure sources. However, these methods make 

device assembly complicate and bulky.

�erefore, this study presents a very simple method 

to improve volume accuracy and consistency as well as 

frequency in droplet dispensing in EWOD microfluidics 

by solely focusing on geometry of electrodes in a device. 

Firstly, design principles that affect the dispensed volume 

were set. Secondly, model designs that meet the princi-

ples were proposed, fabricated, tested and compared 

with the conventional approach.

Device design principles

In the conventional approach, a reservoir holds larger 

amount of liquid from which smaller unit drop-

lets on demand can be generated. Figure  1a shows a 

representative electrodes design. Electrode  E3 is activated 

first and is filled with liquid. Electrodes  E2 and  E1 are next 

turned on to pull liquid from  E3. As soon as the surface 

over  E1 is completely wet,  E3 is turned on and  E2 is turned 

off simultaneously. At this stage, wetting forces from both 

 E1 and  E3 from opposite directions act in parallel to the 

direction of the liquid motion, while de-wetting forces 

on  E2 act perpendicularly on the liquid bridge formed 

between two active electrodes. As a result, a ‘neck’ is 

formed on  E2 which continuously keeps shrinking until 

two de-wetting menisci meet with each other and tear 

the liquid into two parts on two sides. For dispensing, it is 

intended that a generated droplet would completely wet 

the area over  E1 and pinch-off would happen very near 

to the right edge of  E1. To make this happen, first of all, 

duration of voltage application on generating electrode 

 (E1) should be long enough so that the liquid has enough 

time to completely wet the surface over  E1. At the same 

time, the Laplace pressure drop, �P at the neck should 
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reach a critical value, ΔPcr adjacent to the right edge of 

electrode,  E1. However, in the most of the time, there is 

the mismatch between velocities of leading meniscus 

and de-wetting meniscus, therefore the neck forms much 

later than the liquid finger front reaches to the electrode. 

A tail is formed on the cutting electrode  (E2), thus after 

pinch-off, droplet volume is typically larger than the 

intended volume. If the cutting length  xc is shorter, the 

tail also becomes shorter and the amount of dispensed 

volume deviates less from the expected volume. How-

ever, there exists a minimum cutting length,  (xc)min below 

which droplet generation ceases [Additional file 4], which 

makes it impossible to completely remove the additional 

volume to a dispensed droplet with the conventional 

approach.

Another issue with conventional approach is the incon-

sistency in the volume of dispensed droplets for a given 

set of parameters. It has been shown by our previous 

study that, for the same cutting length,  xc, the location 

of the neck can differ during multiple generations due to 

difference in the reservoir liquid volume [34]. It mainly 

happens when after repeated dispensing, the reservoir 

liquid gets depleted and the curvature of the liquid inter-

face at the left reservoir boundary is changed thus lead-

ing to change in ΔPcr at the neck as well as the location of 

the neck.

Keeping the above discussion in mind, to maintain 

volume accuracy and consistency of droplet generation, 

it is deduced that the device should meet two criteria 

respectively:

(1) �ere should be no tail, if not, the tail should be 

minimized and; (2) the neck should always form at the 

same position.

To envision one technique to satisfy the above two 

conditions, one can start from investigating splitting 

scenarios of a droplet. In the conventional way of split-

ting shown in Fig. 1b, a parent droplet is pulled by elec-

trowetting forces exerted on two opposite sides of the 

droplet while the middle portion experiences de-wetting 

forces. In the middle portion, two menisci move toward 

each other (i.e., form a neck) and then split the droplet 

into two parts when they meet. �is technique will split 

a droplet into two equal volumes as long as the splitting 

is symmetric. However, in typical dispensing scenario, 

splitting is not symmetric because the reservoir electrode 

should be much larger than generating electrode, hence, 

it easily violates two criteria stated above. Now we can 

consider an alternative splitting scenario (Fig. 1c) to avoid 

a long and passive neck formation. As shown in Fig. 1c, 

if a parent droplet experiences electrowetting forces by 

two electrodes arranged diagonally, the droplet will con-

form to the electrodes shape to have two diamond por-

tions connected with a very tiny liquid bridge. �is tiny 

liquid bridge is easy to break with small perturbation and 

the parent droplet readily splits into two equal daugh-

ter droplets. �is new scenario would meet two criteria 

because there is no tail involved before breakup and the 

pinch-off of droplet will happen at the point shared by 

two diagonal electrodes.

�is ideal splitting method is introduced in our pro-

posed reservoir design as shown in Fig. 1d. First a column 

 L1 is filled by liquid pulled from the filling section of the 

reservoir. Next, liquid is further transported across arc 

section A and placed on second linear section  L2. Both 

 L1,  L2 are divided into slender (instead of square) elec-

trode segments. Arc A is also composed of four sectors. 

All of these segments can be individually addressed. Note 

that, A is not filled with liquid and only used to carry 

liquid to  L2. Since  L1 and  L2 create a right angle, liquid 

on those two sections touch each other diagonally just 

before pinch-off, which is similar to that in Fig. 1c. Later, 

liquid column  L1 is held in place by activating all of the 

electrodes while pulling force is applied on the liquid 

on  L2 from left. Without generating any elongated tail, 

pinch-off happens very close to the junction point of  L1 

and  L2. Like the ideal splitting scheme already discussed 

and shown in Fig.  1c, the tail formed after pinch-off is 

expected to be very tiny in this case and therefore dis-

pensed volume should be very accurate. Also, because the 

liquid column  L1 is fixed, the volume in the filling section 

is not likely to affect the meniscus formation in the neck 

and thus will not affect location of the pinch-off point. 

�e use of the slender electrodes in  L1 and  L2 serves two 

additional purposes: first, it controls the deformation 

thus making sure that the necking will happen very close 

to the  L1–L2 junction and second, it speeds up the pro-

cess by enhancing the transport velocity of liquid [35]. 

Due to the latter advantage, this reservoir design would 

also give higher droplet generating rate as well.

For increasing the generating rate further, a Y-junction 

splitting unit is proposed which can serve as an addi-

tional splitting unit alongside the L-junction reservoir 

which can be used to split the droplets further after they 

have been generated in L-junction reservoir to double 

the generating rate or it can act as a stand-alone drop-

let splitter when symmetric and faster droplet splitting 

is needed. In a Y-junction splitter, a unit droplet is first 

transported via an array of slender electrodes and placed 

on linear section ‘L1’. It is followed by a second section ‘A’ 

which is composed of a set of angular electrodes. Sec-

tion ‘A’ is then branched into two linear sections, ‘L2’ and 

‘L3’ which are apart from each other at an angle of 2θ. As 

shown in Fig. 1e, faded red areas show the regions filled 

with liquid just before the pinch off. When electrowetting 

force is applied on them in the direction indicated by yel-

low arrows, the neck which is nothing but the thin liquid 
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bridge between the two sections  (L2 and  L3), moves to 

the right along x-axis. Gradually, the radii of curvature of 

menisci  NL and  NR would keep decreasing while decreas-

ing the corresponding Laplace pressure drops until the 

breakup happens. �is is a slightly modified version of 

the ideal splitting technique described earlier. �is split-

ting mechanism would ensure equal splitting, as well as 

consistency in the location of the pinch-off point. Also, 

use of the slender electrodes makes the splitting much 

faster [35] than the conventional splitting technique as 

described in Fig. 1b.

Methods

Device fabrication, data collection, and data analysis

All EWOD devices were fabricated in Nanofab in Uni-

versity of Texas at Arlington. Indium tin oxide (ITO) 

electrodes (~100  nm) were patterned by wet etching of 

ITO after photolithography on an ITO coated glass sub-

strate. Dielectric layer (SU-8, 5  μm) and hydrophobic 

layer (Teflon, 300 nm) were spin-coated and oven baked. 

�e details of the fabrication steps can be found in Addi-

tional file  5. �e droplet motion was recorded using a 

high-speed camera (Model: Miro M310, Vision Research; 

frame rate: 1000 fps; resolution: 512  ×  480). To meas-

ure the volume of dispensed droplets, the footprint area 

of a droplet was determined by image processing using 

ImageJ software. Since droplets are placed between top 

and bottom plates of which gap was carefully controlled 

to be parallel to each other and to have a known spacer 

gap which serves as the height of a droplet, the volume of 

droplet was simply estimated by multiplying the footprint 

area and the spacer gap.

Test methods

Average volume inaccuracy and inconsistency of drop-

let dispensing and splitting from the conventional, L and 

Y-junction devices have been investigated. From con-

ventional reservoir, ten droplets have been sequentially 

dispensed, and normalized volume of the dispensed 

droplet has been calculated. In L and Y-junction devices, 

10 sequentially generated droplets have been tested. For 

comparison purpose, droplet splitting using two con-

ventional schemes has been performed. �e spacer gap 

between the top plate and the bottom plate of the EWOD 

device was 100  μm. �e area of the generating elec-

trode was 2 × 2 mm
2 for the conventional reservoir. For 

the slender electrodes in L and Y-junction devices, area 

was  .4 × 2 mm2. Properties of the liquid (DI water) in the 

current study are given in the Additional file 4: Table A1. 

Note that a typical dispensing process fulfills three fun-

damental stages (filling stage, cutting stage and relocating 

stage). In the filling stage, reservoir liquid flows towards 

the cutting and generating electrodes  (E2 and  E1) until the 

two electrodes are filled with liquid. In the cutting stage, 

the two de-wetting menisci move towards each other in 

opposite directions until the liquid neck pinches off cre-

ating a small droplet on the generating electrode  (E1). In 

the relocating stage, the dispensed droplet on the gener-

ating electrode is relocated by EWOD for further actions. 

Note that the filling stage should be allowed sufficient fill-

ing time to reach the steady state. However, it is difficult 

to determine the completion of the filling stage by simply 

observing the motion of the liquid interface. �erefore, a 

sufficiently longer filling time is chosen (1000 ms).

Results and discussion

Droplet generation

Details of droplet generating process using conventional 

process have been discussed in our previous work [34]. 

Figure 2 shows the snapshots of the main steps of drop-

let pinch-off in L-junction. Liquid is filled up to the first 

electrode in linear segment  L2 (Fig.  2a). Next, the first 

electrode on the arc A is turned off and the second elec-

trode in  L2 is turned on (Fig. 2b). In the next three steps 

(Fig. 2c–e), consecutive electrodes in arc A are turned off 

one at a time while one additional electrode at the left 

on  L2 is turned on so that 5 consecutive electrodes are 

progressively activated in order to achieve the arrange-

ment as shown in Fig. 2e. In the next two steps (Fig. 2f, g), 

electrodes on  L2 are activated using 4–5 scheme [35] and 

the neck between  L2 and  L1 are slightly stretched until it 

breaks off.

If we closely observe the Fig. 2b–e, while the liquid flow 

preceeds from the first linear electrode segment (L1) into 

the second linear electrode segment (L2), during each 

step of transition, the angle which confines the top de-

wetting meniscus becomes larger and the radius of cur-

vature is increased. As a result, the Laplace pressure drop 

keeps increasing which forces the top de-wetting menis-

cus to move toward the inner side of the arc A. �rough-

out this whole period of time, bottom meniscus is fixed 

over the right angle and the width of the neck is reduced. 

�e main factor affecting the neck formation is the turn 

of right angle which facilitates diagonal contact arrange-

ment of the splitting volumes.

Figure 3 summarizes the results from the experiments 

using conventional and L-junction reservoirs. �e large 

error bar associated with the conventional reservoir 

indicates that a generated droplet would have almost 

30% higher volume than intended volume leading to a 

25% inaccuracy, which is much higher than the accept-

able limit in some applications [28]. �e conventional 



Page 5 of 10Nikapitiya et al. Micro and Nano Syst Lett  (2017) 5:24 

reservoir also has less efficiency in reproducing the 

droplets with the same volume which is reflected by the 

slightly larger inconsistency percentage compared to 

L-junction (0.766% vs. 0.104%). �e better accuracy and 

consistency in L-junction devices can be attributed to its 

ability to create the pinch-off point at a fixed location and 

to reduce the tail length before pinch-off as discussed 

earlier. On the other hand, in conventional reservoirs, 

during the liquid filling stage, the intercept length at the 

left edge (as shown in Fig.  1a) may vary depending on 

the volume present in that area. Clearly, it will affect the 

curvature at the neck and also the critical Laplace pres-

sure ΔPcr [34]. �is variation will lead to the variation in 

the location of the pinch-off point as well as the gener-

ated volume. Apart from having the advantages of better 

volume accuracy and consistency, L-junction devices can 

generate droplets much faster compared to the conven-

tional reservoirs. �e frequency of droplet generation 

is also increased significantly to 9–18 (Hz) depending 

on the device and experimental conditions which is 

almost 2–4 times of the generating rate in conventional 

reservoir.

Droplet splitting

Splitting performance of a Y-junction device was tested. 

Snapshots in Fig.  4 show the splitting of a droplet into 

two equal-volume droplets in Y-junction device. When 

the droplet starts entering the two angled branches, the 

right de-wetting meniscus remains confined within the 

2θ angle where the angle (θ) is 30 degrees (Fig.  4a). At 

the same time, radius of curvature of the left de-wetting 

meniscus keeps decreasing (Fig.  4b–e) until it becomes 

constant (from Fig. 4e through Fig. 4h). �e left de-wet-

ting meniscus experiences gradual decrease in radius of 

curvature and corresponding decrease in Laplace pres-

sure until it progresses into the angled section (Fig.  4g). 

Since the right de-wetting meniscus remains fixed and 

only left de-wetting meniscus moves to the right, pinch-

off happens at the right side of the pin-point.

Figure 4i and j are representative of conventional split-

ting scenarios. In scheme I, the initial droplet sits on two 

adjacent square electrodes. Next, the two other elec-

trodes on each side of the droplet are turned on while 

turning off the electrodes underneath the droplet. �e 

droplet is pulled by opposing electrowetting forces and a 

Fig. 2 Steps of droplet dispensing process in L-junction device.  t0 is the time interval between electrodes turned on and off. a Liquid meniscus 

entered section L2, b–e A liquid segment is being developed by sequentially turning on electrodes in section L2 while sequentially turning off 

electrodes in section A. f The liquid segment is shaped after all the meniscus entered to section L2. g A droplet is formed (e.g. dispensed) when the 

segment keeps moving in L2 so that the tail of the segment pinches off



Page 6 of 10Nikapitiya et al. Micro and Nano Syst Lett  (2017) 5:24 

neck is formed in the middle. After a certain amount of 

time has passed, neck narrows down further thus break-

ing the droplet into two parts. �e two droplets now 

completely move over to the two activated neighboring 

electrodes. Scheme II is slightly different from scheme I. 

Splitting is initiated when the middle electrode is turned 

off, while the third electrode on right is turned on. �is 

way, the left portion of the droplet stays on the activated 

electrode on the left side, but the other portion starts to 

move towards the newly activated electrode on the right. 

A neck is formed on the deactivated electrode at the 

middle and later pinch-off happens at the pinch-off loca-

tion. In both of these cases, the neck experiences insta-

bility and pinch off-location is not fixed. As a result, the 

two resulting droplets are not equal in volume and there 

exists considerable inconsistency in the volume as well.

Figure 5 shows the results from the splitting tests. �e 

columns represent the mean normalized volume of the 
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splitted droplets and the error bars correspond to the 

standard deviations. As we can see, a large amount of 

inaccuracy (more than 4%) is associated with scheme 

I. Also, in terms of inconsistency, scheme II is again 

slightly better than scheme I. �is is because scheme II 

has comparatively better control on the pinch-off point 

since at the beginning of pinch-off, a large part of the 

droplet is already on the destined electrode and only the 

other half moves on the opposite direction. Compared to 

these two schemes, Y-junction can provide much better 

splitting in terms of accuracy and consistency. �e inac-

curacy is less than 0.1% and the inconsistency is only 

0.02%. As discussed earlier, the success of Y-junction 

splitting is related to the fact that, like the L-junction 

device, it can manage to reduce the tail length signifi-

cantly and also can restrict the pinch-off point to occur 

at a fixed position. It should be also noted that, both 

of the schemes I and II fail to result in equal splitting. 

It is intrinsic to scheme II and is obvious. In scheme II, 

since the left portion is already filled with liquid, when-

ever the tail forms somewhere at the middle electrode 

before the pinch off-point, it adds up to the droplet 

generated on the left making the droplet on the right to 

be slightly smaller in volume. In general, other factors 

like uneven channel gap, irregular surface properties 

can influence any of the droplets to be larger or smaller 

than the other. However, for the Y-junction, the drop-

lets have almost equal volume after splitting. Another 

big advantage is the enhanced rate of droplet splitting 

in Y-junction device. Compared to the 135  ms in con-

ventional schemes, Y-junction device is capable of split-

ting droplets in just 35–70 ms depending on the device 

and experimental conditions, which is almost 2–4 times 

faster than the conventional method.

Off Off

Pinch-off location Pinch-off location

Conventional splitting 

Scheme I Scheme IIi j

ON ON
ON

Off

ON

Splitting in Y-junction

t=2to

.5 mm

t=0 t=to t=4tot=3to
t=5to

t=7to

Pinch-

off point

Motion direction

2θ

θ= ̊

t=6to

Pin 

point

a b c d e f g h

Fig. 4 a–h Steps of the process of splitting a droplet by Y-junction with switching time (t0). The location of pinch-off occurs on the right from the 

pin-point. 2θ is the angle between two branches of Y-junction. i–j Droplet splitting in conventional device with scheme I and II respectively. The 
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Conclusion

We have proposed and demonstrated a novel reservoir 

design to achieve two important criteria in a EWOD 

lab-on-a chip devices: a certain percentage of volume 

accuracy and consistency which are required in many 

biological applications. Compared to conventional res-

ervoir, our proposed L-junction reservoir is 99% more 

accurate in dispensing a droplet with desired volume. 

Consistency is also improved by almost 87%. Almost 

same accuracy and consistency have been achieved by 

using Y-junction device. In terms of generating rate, 

L-junction can give 2–4 times increase and if Y-junction 

is added, it is possible to gain 4–8 times higher frequency 

in droplet generation.
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