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Abstract The influence of identical and distinct surface

tensions on the coalescence and mixing of droplets after a

direct collision on a wettability gradient surface (made from

a self-assembled monolayer, SAM technique) was investi-

gated. The results indicate that their mixing is driven

sequentially by interior convection and diffusion; the con-

vection endures less than 100 ms but dominates more than

60 % of the mixing. If the stationary droplet has a large

surface tension (73.28 mN 9 m-1), whether the moving

droplet has a large surface tension (73.28 mN 9 m-1) or a

small surface tension (38.63 mN 9 m-1), the mushroom-

shaped mixing pattern is generated within the coalesced

droplet that enhances the convective mixing and also sig-

nificantly enlarges the interface for mass diffusion. The

mixing index of these two cases was greater than 0.8 at

120 s after the collision. For the cases in which the sta-

tionary droplet with a small surface tension collided by the

moving droplet with a large surface tension, a mixing pat-

tern with a round-head shape developed, which was insuf-

ficient to benefit the mixing. When the stationary and

moving droplets both had small surface tension, the moving

droplet was unable to merge with stationary droplet and had

poor mixing quality due to the small surface Gibbs energy of

both stationary and moving droplets. For the collision of

droplets of identical surface tension, the surface tension

affects the coalescence behavior; for the collision of droplets

with distinct surface tension, the coalescence behavior and

mixing quality depend on the colliding arrangement of

stationary and moving droplets.

Keywords Surface tension � Droplets coalescence �
Microfluidic mixing � l-PIV � l-LIF

1 Introduction

Droplet-based microfluidic systems have attracted much

attention for their prospective applications in optics, elec-

tronics, and lab-on-a-chip (LOC). They are expected to

revolutionize biological laboratory procedures by allowing

assays more rapid and free of error, in which the droplets

carry biological samples. Transport, collision and mixing

of droplets are the key issues in the development of

droplet-based microfluidic systems (Huebner et al. 2008;

Fouillet et al. 2008; Fair 2007).

Various techniques to manipulate a droplet have been

proposed, including electrowetting on a dielectric (EWOD)

(Cho et al. 2003; Baviere et al. 2008), a light-driven

method (Ichimura et al. 2000) and a thermal gradient

(Darhuber et al. 2003). These approaches regarded as

active means require an external source to drive the drop-

let: EWOD uses a high driving voltage that might induce

side effects in bio-applications; the thermal-gradient

method also has problems of biocompatibility due to the

high temperature exerted; the transport velocity of a droplet

driven by light (about 0.03 mm/s) is less than that with

other methods. A passive means, as an alternative to enable

droplet movement, that has been developed for several

years uses chemical or mechanical modification of a sur-

face to form on it a wettability gradient, along which a

droplet is able to transport spontaneously without external

power, thus without undesirable side effect. Several
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surface-modified methods such as microstructural fabrica-

tion (Yang et al. 2006, 2009), deposition of a thin polymer

film (Ruardy et al. 1997), and SAM techniques (Choi et al.

2012; Chaudhury and Whitesides 1992) served to fabricate

surfaces with wettability gradients. Lai et al. (2010a) fab-

ricated a silicon surface with a combination of structure

and SAM gradients that achieved a droplet moving about

9 mm along the surface.
A collision between droplets is an important feature of

various applications, such as spray combustion, polymer

blending and petrochemical manufacture. The angle,

velocity and distance between colliding droplets cause

three modes of droplet collision: coalescence, partial coa-

lescence and bounce. Two dimensionless parameters—

Weber number (We ¼ 2RqU2
r

�
c, with droplet radius R,

relative velocity Ur, density q and surface tension c of the

liquid) and impact number (B ¼ X= r1 þ r2ð Þ, with distance

X between the centers of mass of two droplets of radii r1

and r2; B = 0 signifies a direct collision)—are related to

modes of droplet collision. Orme (1997) presented a map

relating these three modes and the two parameters. Of these

modes, droplet coalescence is the most important because

of its applications in microfluidic systems for biochemical

reactions in which mixing of reagents and samples become

the primary definitive step. Sellier and Trelluyer (2009)

hence used a simple scenario to describe the coalescence of

sessile droplets and confirmed the power-law growth of the

neck between the droplets. Danov et al. (1993) applied a

theoretical approach to the deformation of emulsion drop-

lets before and after their coalescence; their numerical

calculations investigated the distance over which the

droplet deforms and the total force acting between the

droplets. Eggers et al. (1999) presented the general case of

droplet coalescence on a flat surface with numerical cal-

culations; their results predict a transition between regimes

dominated by a capillary–viscous balance and by a capil-

lary–inertia balance.
The mixing of biochemical regents in a microfluidic

device is a critical step to improve the practicability of a

lTAS (micro total analysis system) or LOC. Fluid mixing

under the condition of this small size relies mainly on

molecular diffusion and chaotic advection. Several

methods to increase the mixing efficiency in continuous

flow systems are reported, such as increasing the contact

surface between the two fluids (Fang and Yang 2009) and

creating chaotic flow patterns within the fluid (Stroock

et al. 2002). Researchers have tried to manipulate discrete

droplets to achieve a rapid mixing of fluids (Hosokawa

et al. 1999) through the internal motions of fluids caused

by the rapid release of the interfacial force during the

droplet coalescence or by the shear interaction with sur-

roundings. The merged droplet is, however, typically not

well mixed in a few seconds. EWOD-based devices have

been developed to mix rapidly the merged droplet,

accelerated through active manipulation of the droplets by

linear electrodes and a varied aspect ratio of the droplets

(Paik et al. 2003).

Several researchers investigated the morphology and

dynamics of droplet collision and coalescence in plane

surface or in microchannel using plane-film and simulation

tool (Chesters 1991; Kapur and Gaskell 2007; Jose and

Cubaud 2012). Extensive effort has been undertaken to

reveal the mixing mechanisms inside droplets. The tradi-

tional dye methods showed the color change due to mixing

of two coalesced droplets, and micro-particle-image

velocimetry (micro-PIV) showed the recirculation field

inside a moving droplet in a straight (Wang et al. 2007) or

winding microchannel (Tung et al. 2009). These methods

were used also to observe the mixing of two fluids in a

coalesced droplet in EWOD devices; the results showed

that two symmetric circulations existed within the droplet

(Lu et al. 2008). Kinoshita et al. (2007) applied confocal

micro-PIV to obtain velocity information inside a droplet

moving in a microchannel. Longmire and his research

group applied dual-field high-speed PIV (Kim and Long-

mire 2009) and tomographic PIV (Ortiz-Duenas et al.

2010) to study the collisions of droplets in silicon oil; their

trajectories and the small-scale motion within droplets with

varied Weber number and collision angle were resolved.

This experiment yielded profound insight into the flow

physics in droplet collisions and coalescence on a flat

surface. Lai et al. (2010b) utilized PIV and a confocal

microscope to measure the coalescence, internal flows, and

mixing patterns of droplets. During the period of coales-

cence, the released surface energy of the droplets created a

pair recirculation flow inside the merged droplet so as to

improve the fluid mixing. Castrejon-Pita et al. (2011) also

used micro-PIV to investigate the internal flow in the

glycerol/water droplets during impact and coalescence.

Most droplet-based mixers have so far consisted of

either microchannels or electrowetting devices that are

alien to an open system; tests of the phenomena of droplets

mixing on an open microfluidics system are little addres-

sed. The surface tension that varies widely for biochemical

reagents might be the main factors to influence droplet

collision and the mixing of fluids. How surface tension

affects droplet coalescence and mixing behavior is also

little addressed. In this work, we used droplets with iden-

tical and distinct surface tensions to perform collision,

coalescence and mixing of binary droplets on a surface

with a wettability gradient. Licro-PIV and measurements

of confocal fluorescence disclosed the internal flow and 3D

mixing patterns of two droplets on merging on a surface

with a wettability gradient. We demonstrated that for
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droplets with identical surface tension, a larger surface

tension caused stronger recirculation flow in a coalesced

droplet; for droplets with distinct surface tensions, the

coalescence and mixing behavior were dominated by the

arrangement of the two droplets. Our experimental results

can serve as a basis for applications of droplet-based lTAS

or LOC systems.

2 Experiments

2.1 Preparation of a gradient surface

With a modified vapor-diffusion self-assembled monolayer

(SAM) method, we fabricated a surface with a wettability

gradient on a plain glass microscope slide so that the light

of lPIV and lLIF and their signals can transmit through

from the bottom. This substrate can also avoid optical

distortion caused by the curved surface of a droplet that

constitutes a main problem for quantitative visualization of

the flow field within liquid droplets on open systems. The

clean glass slide was placed vertically in a bottle contain-

ing decyltrichlorosilane (DTS) solution (0.025 %, dis-

solved in dry toluene). The saturated SAM was formed on

the region immersed in the DTS solution. The other region

above the liquid surface of the solution has a wettability

gradient because DTS vapor diffused and deposited on the

substrate. This immersion lasted 15 min.

The wettability gradient of the surfaces was character-

ized on measuring the static contact angles (h) along the

surface with a sessile-drop method and a commercial

contact-angle meter (OCA 20, Dataphysics Instruments,

Germany). The contact angle of water on this surface

varied from 1058 to 558 at a distance within 0.4 mm. The

maximum difference of contact angle between two separate

surfaces is less than ±2.58 for the region of liquid

immersion and less than ±6.58 for the region of vapor

diffusion. The stability of the SAM gradient was tested; no

obvious degradation was observed after transporting 50

deionized (DI) water droplets. Further details of fabrication

of the gradient surface and measurement of the contact

angle are reported previously (Lai et al. 2010a).

2.2 Working fluids

To produce fluids with varied surface tension, we used a

surfactant (Tween 20�, polyoxyethylene sorbitan monola-

urate, Pierce Chemical Co.) that decreased the surface

tension of a fluid when added to DI water. The surface

tension of DI water is 73.28 mN/m; we added the surfac-

tant (0.001 %) to DI water to alter the surface tension to

38.63 mN/m. The surface tension was measured with a

surface tensiometer (EZ-Pi, Kibron Inc. Helsinki, Finland).

The critical micelle concentration (CMC) of Tween 20� is

60 mg/L. In our study, the volume concentration of sur-

factant (Tween 20�) we used to lower down the surface

tension does not exceed the CMC value. Therefore, there is

no micelle to affect the coalescence-induced flow. The

nonuniform distribution of the surfactant on the surface of

a moving droplet might cause the Marangoni effect that

induces the interfacial flow between two droplets. Several

researchers explored the relationship between surfactant

distribution and the droplets coalescence in the presence of

Marangoni stresses (Blanchette et al. 2009; Lu and Cor-

valan 2012). In this study, we focused only on the variation

of internal flow and the mixing patterns of colliding

droplets with identical and distinct surface tensions.

The contact angles of two working fluids on the slides

are listed in Table 1. The maximum difference of contact

angle between two separate surfaces is less than ±1.78 for

the region of liquid immersion and less than ±6.38 for the

region of vapor diffusion. The contact angles for the two

working fluids were 47.58 and 51.28, respectively.

2.3 Apparatus

The experimental apparatus is sketched in Fig. 1. A com-

mercial confocal microscope system (Nikon A1R),

designed to avoid affecting the flow patterns by the sur-

rounding disturbance, was used to observe the droplet on

the surface with a wettability gradient. Droplets generated

with a syringe pump (KDS220, KD Scientific) and

microliter syringes (Hamilton 710RN) had volume

300 ± 12 nL. One droplet was laid on the hydrophilic

region of the surface, called a stationary droplet; afterward,

the other droplet (moving droplet) was dropped on the

hydrophobic region of the surface so that it moved spon-

taneously to collide with the stationary droplet through

being driven by the wettability gradient (from a hydro-

phobic to a hydrophilic region). The platform to control the

points of droplet falling was a motorized xyz positioning

stage. The working fluids used in four experimental cases

are listed in Table 1. The droplets in cases A and B have

identical surface tension; the droplets in cases C and D

have distinct surface tensions.

The high-speed camera (IDT X-stream) with an objec-

tive lens captured the views at a rate 1,000 fps and reso-

lution 2,352 9 1,782 pixels (2.1 9 1.6 mm) for the l-PIV

measurement and calculation. The field of view (FOV) was

about 1.2 9 1.2 mm (512 9 512 pixels) corresponding to

a spatial resolution 2.34 lm per pixel. The axial resolution

of the system was approximately 5 lm. lPIV was used to

investigate the internal flow induced from the coalescence

of a droplet. Seeding particles (polystyrene particles, Duke

Scientific) of diameter 1 lm and density 1.05 g/cm3 were

added to the working fluids. The images captured with the
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high-speed camera were processed with a standard cross-

correlation scheme (Insight 5, TSI Inc.) to produce the raw

vector field. This scheme implemented a multi-pass inter-

rogation in which in the first-pass, cross-correlation was

calculated for an interrogation spot of area 64 9 64 pixels;

the interrogation spot was then divided into four subareas

32 9 32 pixels for the second-pass calculation. The inter-

rogation spots overlapped by half; a Gaussian fit was used

to resolve the sub-pixel displacement. The upper limit of

the lPIV measurement, determined by the size of the

interrogation spots, was about 43 mm/s. Each experimental

case was performed 20 times and the reproducibility of the

results is more than 95 %.

2.4 Microfluorescence

The mixing efficiency and mixing pattern inside the coalesced

droplet were measured with a laser and a microfluorescence

(l-LIF) technique. Fluorescent DNA solutions of FAM-

labeled oligonucleotide (6-carboxy-fluorescein, 2 lM,

495/521 nm) and Cy-5-labeled oligonucleotide (cyanine dye,

2 lM, 646/662 nm) were adopted to simulate the mixing of

biochemical fluids. The light for excitation, provided from an

argon-ion laser (488 nm) or a diode laser (638 nm), was

directed into an objective lens (plane apochromat VC 910,

NA = 0.45) with a dichroic mirror, with which the excitation

light and emitted light were separated. A pinhole (diameter

12.8 lm) was installed behind the dichroic mirror to exclude

optically the light from an out-of-focus plane. The intensity of

the emitted light was measured with two separate photomul-

tiplier tubes (PMT) behind the filter blocks. The thickness of

the optical slice in this setup was less than 11 lm; the field of

view was about 1.2 9 1.2 mm. Using a xyz stage to scan

several z-positions, we viewed the 3D reconstructed distribu-

tion of fluids through the great vertical resolution of the

confocal microscope.

3 Results and discussion

3.1 Flow patterns and mixing patterns within a droplet

We investigated the coalescence behaviors of direct

(‘‘head-on’’) collisions between a moving and stationary

droplet on a wettability gradient surface. The moving

droplet that was placed on the edge of a DTS-saturated

region transported spontaneously. The droplet diameters

and related dimensionless parameters of these working

fluids are listed in Table 2. The Weber number (We, ratio

of inertial force to surface tension force) is about 10-3 to

10-5, i.e., much smaller than unity, which means that two

droplets are expected to coalesce (Orme 1997), and the

coalescence of the droplets is little affected by the transport

velocity of the moving droplet. The ratio of surface tension

to gravity is given by the Bond number, Bo; for all working

Table 1 Surface tensions and contact angles on the hydrophilic

(glass substrate) and hydrophobic regions (a hydrophobic SAM layer

on the substrate) of two working fluids, and our experimental cases

Surface

tension

(mN m-1)

At

hydrophobic

region (�)

At

hydrophilic

region (�)

Working fluids

Working fluid A 73.28 106.7 59.2

Working fluid B 38.63 71.6 20.4

Stationary droplet Moving droplet

Experimental cases

Case A Working fluid A Working fluid A

Case B Working fluid B Working fluid B

Case C Working fluid A Working fluid B

Case D Working fluid B Working fluid A

Fig. 1 Schematic diagram of

the experiment. The lPIV

images were recorded with a

high-speed camera; the 3D

mixing patterns were recorded

with the confocal laser-scanning

microscope
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fluids, the corresponding Bo on each region of the surface

is much less than unity (10-8 to 10-9). Surface tension

hence plays an important role in coalescence that affects

the mixing efficiency of the droplets after collision. The

average transport velocity of the moving droplet before

collision was determined on tracking its center, also listed

in Table 2.

The energy released during the coalescence is evaluated

by the change of Gibbs energy G, which for a droplet of

radius R on a substrate, is expressed as.

G ¼ 2pR2 1� cos hð Þc� p R sin hð Þ2c cos h ð1Þ

According to this equation, the differences of Gibbs

energy between two droplets (both of volume 0.2 lL) and a

coalesced droplet for working fluids A and B are estimated

to be 0.070 and 0.024 lJ, respectively. For all working

fluids, less than 0.1 % surface energy is transferred to

kinetic energy; the remaining surface energy is released

mostly during coalescence of the droplets, thus producing

deformation and vibration of the droplets.

We utilized a lPIV system to measure the flow field

inside a droplet during coalescence after the collision of the

droplets. We made cross-sectional measurements at three

focal positions—bottom, middle and top of the coalesced

droplet. As the flow patterns were similar at the three focal

positions, the velocity fields were analyzed only at the

middle of the droplet (z = 60 lm). We defined t = 0 as the

instant of contact of the two droplets in all experimental

cases.

According to the velocity fields inside the droplets, the

mixing occurs in two stages: an initial rapid (\100 ms)

spread of molecules through convective mass transfer

(convection period) with a large average speed (*1.0 mm/s)

inside the droplet, and a slow redistribution of molecules

through diffusion (diffusive period) with a small average

speed (\0.1 mm/s). For all experimental cases, the average

speed decreased to less than 0.1 mm/s within 100 ms. The

mixing patterns of biochemical molecules (fluorescently

labeled oligonucleotides) in droplets with varied viscosity

or surface tension were measured with the lLIF technique.

Ten slices of a coalesced droplet were captured along the

z-axis with an interval 10–15 lm (depending on the size of

the droplet) to resolve the 3D mixing patterns inside the

droplet. The confocal system completed a planar scanning

(a slice) in 30.5 ms (512 9 512 pixels) but required about

10 s to scan completely a 3D mixing pattern. As the mixing

of droplets through convective mass transfer sustains less

than 1 s after the droplets collide, this confocal system was

unable to track the 3D mixing patterns during the con-

vection. When the mixing was dominated by diffusion, the

patterns altered slowly; we thus obtained a 3D mixing

pattern approximately 6–8 s after collision of the droplets

(the early diffusion-dominated process), which is analo-

gous to that at the end of the convection. The 2D mixing

patterns of the droplets at z = 60 lm for the various fluids

are shown in Figs. 2–5; the 3D mixing patterns for the

various fluids captured approximately 6–8 s after collision

of the droplets were reconstructed, as shown also in

Figs. 2–5. The green fluorescence signifies the fluid with

FAM from the stationary droplet, whereas the red fluo-

rescence signifies that with Cy-5 from the moving droplet.

The velocity fields in droplets during coalescence for

experimental cases A–D at z = 60 lm are shown in

Figs. 2–5. For experimental case A, a flow from right to

left in the x-direction was observed at t = 2 ms, and a pair

of symmetric vortices (recirculation flows) were subse-

quently formed at t = 12 ms and sustained to t = 40 ms,

shown in Fig 2a. Afterward, the internal energy was too

weak to sustain the symmetric vortices; the internal flow

inside the coalesced droplet became oscillatory as shown in

Fig. 2b,c. The 2D and 3D mixing pattern was generated by

the vortices during the convection period, displaying a

mushroom shape, as shown in Fig. 2d. The fluid in the

stationary droplet was squeezed spirally toward the side.

After this occurrence, the fluids spread vertically and

horizontally, resulting in an enhanced subsequent diffusive

mass transfer in the diffusion period.

For experimental case B, a central flow from right to left

caused by the moving droplet was observed at the right side

of the coalesced droplet and sustained more than 20 ms.

Because of the small surface tension (weak cohesive for-

ces) of the droplets, the moving droplet was unable to

penetrate, and to be surrounded by, the stationary droplet.

For this case, the amount of surface Gibbs energy of the

system was smaller than that for other cases, which rep-

resents that the internal energy incurred by the collision

was small; the vortices in the coalesced droplet were

consequently weak and dissipated quickly. At t = 22 ms,

Table 2 Properties, droplet size in various regions, dimensionless parameters and average transport velocity of working fluids A and B

Working fluid Viscosity (cP) Surface tension

(mN/m)

Radius 1 (lm) Radius 2 (lm) We Bo Transport

velocity (mm/s)

A 1.13 73.28 536.5 ± 2.5 354.5 ± 3.0 2.28 9 10-3 7.95 9 10-9 15.4

B 1.11 38.63 747.5 ± 4.5 442.5 ± 3.5 5.84 9 10-4 2.09 9 10-8 5.1

Diameters 1 and 2 denote the droplet diameter (0.2 lL) on hydrophilic (without DTS) and hydrophobic (saturated DTS) regions, respectively
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the internal flow of the coalesced droplet generated oscil-

lation as shown in Fig. 3b, c. For this case, a portion of the

moving droplet was unmerged with the stationary droplet

even over 120 s after the droplet collision (see Fig. 3d, e).

Of the moving droplets, 40–50 % by volume was unable to

merge into a stationary droplet for experimental case B.

The flow patterns for case C were analogous to that for

case A, showing strong recirculation flows inside the coa-

lesced droplet. The internal flow moved from the right to the

left side of the droplet, and then spread along the boundary.

A pair of symmetric recirculation flow subsequently formed

and sustained at t = 6–30 ms as shown in Fig. 4a. After

t = 32 ms, the internal energy gradually dissipated, leading

to flow from right to left in the center declining, and resulting

in the symmetric recirculation flow becoming unsustainable

(see Fig. 4b). The internal flow therefore oscillated as shown

in Fig. 4c. Because the surface tensions of the stationary and

moving droplets for cases A and C were different, leading to

the corresponding different total surface Gibbs energy, the

strength and duration of vortices were dissimilar, which is

addressed in the following section. The mixing patterns for

case C are approximately complementary to that for case A,

which means the fluid of stationary droplet formed a

mushroom-shaped distribution similar to the distribution of

the moving droplet in case A, but the scenarios of formation

of the flow patterns in these two cases differ. For case A, the

stationary droplet was squeezed by the collision of the

moving droplet and formed vortices that induced the mush-

room-shaped mixing pattern occurring in the moving droplet,

whereas for case C, because of the surface tension (cohesion

force) of the stationary droplet being larger than that of the

moving droplet, the moving droplet was enclosed and

squeezed by the stationary droplet, forming the mushroom-

shaped mixing pattern.

The stationary droplet in the case D has a smaller sur-

face Gibbs energy than the stationary droplet in case A; the

recirculation flow in the coalesced droplet was conse-

quently much weaker and sustained for a briefer duration

(Fig. 5a). Afterward, the oscillation flow in the droplet

appeared at t = 20 ms and sustained about 60 ms as shown

in Fig. 5b, c. The mixing pattern illustrates that the fluid of

the moving droplet was surrounded by the fluid of the

stationary droplet as shown in Fig. 5d. As the surface

tension (cohesive force) of the moving droplet was larger

than that of the stationary droplet, the moving droplet was

little deformed (i.e., prone to retain a spherical shape) by

the effect of the stationary droplet, and therefore formed a

round-head shape inside the stationary droplet.

In all experimental cases, we depicted the mixing patterns

through the corresponding flow patterns, concluding that the

mixing patterns were caused by the initial rapid spread of

molecules through the convective mass transfer (the period

of convection was less than 40 ms), and the subsequent

oscillatory flow was unlikely effective in the mixing

Fig. 2 a–c Velocity vectors of

the internal flow of case A at

t = 12, 42 and 46 ms

respectively after droplet

collision. d Reconstructed 3D

distribution of case A at

t = 10.35 s and the slices view

at z = 60 lm, t = 2.22 s.

e Reconstructed 3D distribution

of case A at t = 98.47 s and the

slices view at z = 60 lm,

t = 95.62 s. Green indicates the

fluid from the stationary droplet

whereas red indicates the fluid

from the moving droplet. z-axis

is 200 % zoomed for the 3D

figures
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patterns. For all experimental cases, although there was a

large velocity inside the coalesced droplet, the droplet was

unable to slide on the surface because of restriction by the

surface energy barrier. The energy was transferred from the

moving droplet to the coalesced droplet, thus causing the

internal flow field to vary in the coalesced droplet.

Fig. 3 a–c Velocity vectors of

the internal flow of case B at

t = 14, 24 and 26 ms

respectively after the droplet

collision. d Reconstructed 3D

distribution of case B at

t = 10.24 s and the slices view

at z = 30 lm, t = 4.55 s.

e Reconstructed 3D distribution

of case B at t = 98.52 s and the

slices view at z = 30 lm,

t = 94.41 s. Green marks the

fluid from the stationary droplet

whereas red indicates the fluid

from the moving droplet. z-axis

is 200 % zoomed for the 3D

figures

Fig. 4 a–c Velocity vectors of

internal flow of case C at t = 6,

32 and 36 ms respectively after

droplet collision.

d Reconstructed 3D distribution

of case C at t = 8.91 s and the

slices view at z = 60 lm,

t = 2.70 s. e Reconstructed 3D

distribution of case C at

t = 95.78 s and the slices view

at z = 60 lm, t = 92.83 s.

Green marks the fluid from the

stationary droplet whereas red
indicates the fluid from the

moving droplet. z-axis is 200 %

zoomed for the 3D figures
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3.2 Quantitative analysis of the flow field and mixing

efficiency

The recirculation disturbed the flow inside the coalesced

droplet so as to enhance the droplet mixing during coales-

cence. We calculated the circulation inside the coalesced

droplet for experimental cases A–D. For this calculation, we

first defined an integral path that was a closed contour

approximating to the boundary of zero vorticity of the con-

centration of a vortex identified in flow-velocity fields (Ting

and Yang 2009). The overall vorticity/velocity gradient

inside the coalesced droplet for all fluids decreased with the

dissipation of the energy. Figure 6 shows the temporal cir-

culation change of experimental cases A–D. The average

circulations of experimental cases A–D were 3.23 9 10-6,

2.05 9 10-6, 3.58 9 10-6 and 1.87 9 10-6m2/s, respec-

tively, the corresponding durations of vortex circulation were

32, 10, 26 and 12 ms, respectively.

The surface Gibbs energy of a droplet on hydrophilic

and hydrophobic surfaces, and of a droplet on hydrophilic

and hydrophobic surfaces are 0.0305, 0.1020, 0.0299 and

0.0248 lJ, respectively. For distinct droplet collisions (cases

C and D), the greater discrepancy of the surface Gibbs

energy between the moving and stationary droplet caused

the flow interaction to become more efficient; the vortices

occurred earlier than for the identical droplet collisions

(cases A and B). For cases B and D, the smaller pulling

force (smaller surface tension of the stationary droplet)

during the droplet coalescence resulted in decreased circu-

lation and duration of vortices. In contrast with cases B and

D, the larger surface tension of the moving droplet (greater

pulling force in the droplet coalescence) induced a stronger

recirculation flow, larger circulation, and a greater duration

of the vortices. For cases A and C, the flow patterns for case

C were analogous to that for case A, showing strong recir-

culation flows inside the coalesced droplet.

The mixing index Mi commonly used to describe the

mixing quality of fluids and the scale of fluid mixing is

defined as.

Mi ¼ 1�
R

V Ccy � C1
�� ��dV

R
V C0 � C1j jdV

� �
ð2Þ

in which Ccy is the 3D temporally dependent distribution of

concentration of Cy-5-labeled oligonucleotide (red), C0

and C? are the concentrations of a fully unmixed droplet

and a fully mixed droplet, respectively (Tung et al. 2009).

In order to obtain C0, we applied the lLIF measurement to

a 0.4 lL fully unmixed droplet (i.e., contains Cy-5 only)

that placed on the hydrophilic region of the gradient sur-

face. The Cy-5 is uniformly dispersed inside the droplet so

that the obtained intensities are not significantly varied

with the position. We therefore assigned the spatial aver-

aged intensity as the value of C0. Similarly, C? is obtained

from the intensity measurement of a droplet in which the

Fig. 5 a–c Velocity vectors of

the internal flow of case D at

t = 8, 20, 24 ms, respectively

after the droplet collision.

d Reconstructed 3D distribution

of case D at t = 10.45 s and the

slices view at z = 60 lm,

t = 2.71 s. e Reconstructed 3D

distribution of case D at

t = 97.75 s and the slices view

at z = 60 lm, t = 93.76 s.

Green marks the fluid from the

stationary droplet whereas red
indicates the fluid from the

moving droplet. z-axis is 200 %

zoomed for the 3D figures
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FAM and the Cy-5 are premixed. The mixing index of

value unity means that fluids become fully mixed, whereas

zero represents fluids entirely unmixed. The concentration

distributions were evaluated from the distribution of light

intensity of the lLIF measurement that was assumed to be

proportional to the number density of the fluorescently

labeled oligonucleotide. The mixing index was evaluated

also from the concentration distributions of FAM; no sig-

nificant difference was found.

The transient mixing indices of experimental cases A–D

are shown in Fig. 7. As the confocal system took about

6–8 s to measure 15–20 planes, each data point represented

the mixing index averaged over the 3D scanning duration.

The mixing index was unavailable within a few seconds

because the scanning rate was limited. For experimental

case B, the part outside the field of view was assumed to be

totally unmixed. The mixing indices of experimental cases

A–D at 120 s after the collision of the droplets were 0.82,

0.42, 0.86 and 0.71, respectively. That the mixing indices

of cases A and C are all larger than 0.8 means that mixing

in these cases is effective. The mixing quality of fluids

resulting from the recirculation flow for experimental cases

A and C is demonstrated to benefit the mixing. The contact

area or material interface of two fluids is the key factor for

molecular diffusion. For experimental cases A and C, the

larger material interface of a mushroom-shaped mixing

pattern enhanced the mixing efficiency in diffusion-domi-

nated mixing. For experimental cases B and D, the smaller

material interface of the mixing pattern with a round-head

shape failed to benefit the mixing. In particular, for case B,

the droplets were not totally merged. Although the recir-

culation increased the contact area between the two sepa-

rate fluids, the contact area of two different fluids was still

less than in other cases. The mixing indexes of experi-

mental case B at 120 s after collision of the droplets was

0.42, much smaller than that of the other experimental

cases. A portion of the moving droplet was unmerged with

the stationary droplet; the efficacy of the droplet mixing

was therefore poor, rendering small mixing indices.

The measured data points were fitted to an exponentially

decreasing function, Mi ¼ aþ bð1� e�ctÞ, in which

parameters a, b and c were evaluated by the least-squares

method. Based on the regression curves, the mixing indices

of experimental cases A–D were 0.52, 0.33, 0.62 and 0.46,

respectively at t = 100 ms, during which the mixing of the

droplets was dominated by convection. The slope (DMi/Dt,

dM) of the regression curves for experimental cases A–D

indicates that dMA * dMC [ dMD [ dMB, which conforms

to the range of the material interface. The flow recirculation

influenced the droplet mixing at both convection-dominant

and diffusion-dominant stages because it caused the exten-

sion of the contact area of the fluids in the merged droplet.

Once the interfacial area of the fluids was extended, the

mixing of the fluids was promoted. The slope of the mixing

indices for experimental cases A, C and D is almost the same

as, and steeper than, for experimental case B, demonstrating

that the extended interface enhanced the diffusion for fluid

mixing. The mixing indices of the droplets at t = 100 s for

experimental cases A–D are 63.4, 78.6, 72.1 and 64.7 % of

that at t = 120 s respectively, showing that more than 60 %

of the entire mixing of the droplets occurred during the

convection-dominant process. The mixing quality is hence

mainly determined less than 100 ms after the droplet

collision.

Fig. 6 Transient vortex circulation of experimental cases A–D

Fig. 7 a Transient mixing

indices of experimental cases

A–D and b the magnified figure
from the rectangular region of a
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4 Conclusion

We applied surfaces with a wettability gradient fabricated

with a SAM technique as a platform for spontaneous

transport and coalescence of droplets. A droplet moving

along the gradient surface struck another droplet on the

hydrophilic region. We utilized lPIV and lLIF techniques

to investigate the flow fields inside the coalesced droplets

and the variation of the mixing pattern and quality of the

coalesced droplet. As commonly used biochemical

reagents have surface tensions that vary over a wide range,

we analyzed the droplet coalescence and mixing behavior

of the fluids with identical and distinct surface tension on

the unclosed surface.

The mixing patterns coincide with the flow field inside

the coalesced droplet. The flow mixing after the droplet

coalescence also divided into two parts, one dominated by

convection and the other by diffusion. For the collision of

droplets with identical surface tension (cases A and B), the

surface tension affects the coalescence behavior. For

droplets with large surface tension (78.28 mN 9 m-1), the

large surface Gibbs energy induced a symmetric recircu-

lation flow inside the coalesced droplet, and showed a

mushroom-shaped mixing pattern inside the coalesced

droplet that enlarged the material interfaces and enhanced

mixing. For droplets with a small surface tension

(38.63 mN 9 m-1), the moving droplet failed to penetrate

into the stationary droplet because of the small surface

Gibbs energy difference before and after collision. For the

collision of droplets with distinct surface tension (cases C

and D), the coalescence behavior and mixing quality

depend on the arrangement of the stationary and moving

droplets. The stationary droplet with a larger surface ten-

sion colliding with the moving droplet with a smaller

surface tension activated a mushroom-shaped mixing pat-

tern inside the coalesced droplet, which is complementary

to that for case A; The mushroom-shaped mixing pattern

induced by the recirculation flow inside the coalesced

droplet significantly enhanced mixing in both convection-

and diffusion-dominated processes. The stationary droplet

with a smaller surface tension collided with a moving

droplet with a larger surface tension induced a mixing

pattern of round-head shape inside the coalesced droplet,

which was insufficient to enhance mixing in the diffusion-

dominated mixing.

For all experimental cases, the results showed that more

than 60 % of the mixing was achieved in the convection-

dominated part; the mixing quality was determined within

100 ms after the droplet coalescence. The recirculation

flow not only enhanced the convection-dominated mixing

but also increased the rate of diffusion by enlarging the

interface between the two fluids. The generation of a

recirculation flow inside the coalescing droplet by surface

tension or other methods is an important issue for the

biological use of droplet-based micro systems. In sum, the

surface tension of the stationary droplet crucially influ-

ences the convection- and diffusion-dominated mixing of

droplets whereas the surface tension of the moving droplet

has a slight impact on the mixing behavior and quality of

droplets. The stationary droplet with a large surface tension

collided with the moving droplet with a large and a small

surface tension both showed the similar mushroom-shaped

mixing pattern inside the coalesced droplet; the mixing

indices of these two cases exceeded 0.8 at 120 s after

droplet collision. The coalescence behavior and mixing

quality are significantly concerned with the arrangement

and configuration of different droplets on a droplet-based

microfluidic system. This work significantly contributes to

the understanding of droplet mixing and reaction in drop-

let-based microfluidic systems.
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