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Microfluidic devices can be used to produce single or multiple emulsions with remarkably precise

control of both the contents and size of the drops. Since each level of a multiple emulsion is formed by

a distinct fluid stream, very efficient encapsulation of materials can be achieved. To obtain high

throughput, these devices can be fabricated lithographically, allowing many devices to operate in

parallel. However, to form multiple emulsions using a planar microfluidic device, the wettability of its

surface must switch from hydrophobic to hydrophilic on the scale of micrometers where the drops are

formed; this makes the fabrication of the devices very difficult. To overcome this constraint, we

introduce non-planar microfluidic devices with graduated thicknesses; these can make drops even

when their wetting properties do not favor drop formation. Nevertheless, the dependence of drop

formation on the device geometry, the flow rates and the properties of the fluids, particularly in the

case of unfavorable wetting, is very complex, making the successful design of these devices more

difficult. Here we show that there exists a critical value of flow of the continuous phase above which

drop formation occurs; this value decreases by two orders of magnitude as the wetting to the device

wall of the continuous phase improves. We demonstrate how this new understanding can be used to

optimize device design for efficient production of double or multiple emulsions.

Introduction

Multiple emulsions, or drops within drops, are of great

importance technologically for encapsulating chemicals, reagents

or drugs in more robust structures; for example, a single drop

within a larger drop, forming a core–shell structure, can provide

an important means of encapsulation and release of materials.1–7

Control over the size of the innermost drop provides a means to

adjust the amount of encapsulated material, whereas control

over the thickness of the shell provides a means to adjust the

nature of the encapsulation. Double emulsions can be formed

with microfluidic devices, which provide precise control over the

size and shape of the drops. Such microfluidic devices can be

easily fabricated using capillary tubes, which enable the facile

formation of multiple emulsions.8 However, since each device is

custom made, it is very difficult to produce them in the high

numbers necessary to create large quantities of multiple

emulsions required for practical uses. In contrast, microfluidic

devices formed by stamping or lithographic techniques provide a

route to scale up the method for the production of large

quantities of multiple emulsions.9 With these devices however,

the wettability of the surfaces must be precisely controlled to

make drops; as opposed to most capillary-based microfluidic

devices, where the dispersed phase orifice is much smaller than

the collection channel surrounding it, the orifice in lithographi-

cally-produced channels is usually as deep as its collection

channels, and thus, when the continuous phase meets the

dispersed phase to form drops, the latter is no longer

geometrically engulfed by the continuous phase as is the case

with capillary devices. Instead, drop formation can only occur if

the wettability of the surface strongly favors the continuous

phase, enabling it to wet the surface instead of the dispersed

phase, thereby separating the dispersed phase from the device

surface to form a drop. For example, to form drops of water in

oil, the channels must be hydrophobic, so that the water will

have a tendency to de-wet from the channel walls and become

dispersed in the oil. In contrast, to form drops of oil in water the

channels must be hydrophilic. The necessity for such control is

exacerbated when double emulsions are formed, because the

wettability of the walls must change between the first and the

second drop-making junctions, just tens of microns apart.10–12

To overcome these stringent requirements for the control of

wettability, non-planar microfluidic devices can be fabricated

such that the orifice has a smaller cross sectional area than the

collection channel, enabling the continuous phase to flow fully

around the dispersed phase.13,14 In this case, the continuous
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phase fully surrounds the dispersed phase, helping to de-wet it

from the walls, and drops are formed even when the wettability

of the channels favors the dispersed phase. This significantly

simplifies device fabrication. However, tuning the operation of a

non-planar microfluidic drop maker remains a delicate process,

which is sensitive to the geometry of the device, the properties of

the fluids and the wettability of the surface. The design of such

non-planar devices requires knowledge of the key parameters15–17

that affect their performance, particularly when the wetting

conditions are not favorable.

In this paper we describe a simple method to fabricate non-

planar devices that make drops under unfavorable surface

wetting conditions, in which a planar device would not work.

We show that the flow rate of the continuous phase must exceed

a critical value for drop formation; moreover, this critical value

strongly depends on the contact angle of the triple line

connecting the two fluid phases and the device wall. We provide

guidelines for the operation of these non-planar microfluidic

devices, enabling the production of double emulsions.

Results

The basic drop making geometry used in our experiments

consists of a central inlet channel, of depth hs and width ws,

which introduces the dispersed phase into the junction, and two

side channels, of depth h and width L, which introduce the

continuous phase. The two phases are collected through an

outlet channel, of depth h and width w, as illustrated in Fig. 1a.

We focus on non-planar junctions, where hs , h, and where we

center the inlet channel both horizontally and vertically with

respect to the outlet channel. During drop formation, the

dispersed phase forms a spherical cap that is centered on the

orifice of the central inlet channel. The base of the cap has a

radius r, and the angle of the cap, h, is the triple-line contact

angle,18 as illustrated in Fig. 1b. The total flow rate of the

continuous phase is q, and the flow rate of the dispersed phase is

maintained well below q. For comparison we also investigate

planar junctions where hs = h.

Planar devices

To investigate the role of wetting in drop formation we study

planar devices, and use several different combinations of fluids,

different device materials and different wall coatings; in each

case we characterize the device by the contact angle and

determine whether drops are formed. We find a sharp change

in behavior when h = 90u. When the continuous phase

preferentially wets the walls (h . 90u), planar devices form

drops even at minimum flow rates of the continuous phase (qmin

= 50 mL h21). In contrast, when the dispersed phase preferen-

tially wets the walls (h , 90u), the planar devices do not form

drops even at the maximum possible flow rate of the continuous

phase (qmax = 50 mL h21), which is limited by the bond strength

of the device. Thus, in planar devices, drop formation is strongly

dependent on the wetting conditions and is only feasible in the

favorable case when the continuous phase wets the walls of the

device more strongly. All of the results for planar devices are

summarized in Table 1.

Non-planar devices

Non-planar devices remove the constraints on wettability

imposed by the planar geometry; drops can be formed even in

unfavorable wetting conditions. To demonstrate this, we

emulsify water containing 50% (w/w) glycerol in a fluoro-

carbonated oil (HFE 7500) using a non-planar PDMS drop

maker coated with parylene. Even though the water phase wets

the coated channels better than the oil phase, with a measured

static contact angle of h = 60u, the device forms drops of water in

oil. As the dispersed phase first flows into a non-planar junction

it partially wets the walls adjacent to the central inlet and forms a

spherical cap with a fixed dynamic contact angle, as shown in

Fig. 2. As the cap grows, the shear exerted by the continuous

phase on its interface also grows; ultimately, this shear is large

enough to prevent further growth of the cap and to instead cause

periodic drop formation. If q is then decreased, the cap again

grows and eventually touches the top and bottom of the main

channel, enabling the dispersed phase to wet the wall, and drops

are no longer formed as shown in Fig. 3a.

To quantify this behavior, we identify the critical flow rate of

the continuous phase, qc, that separates drop formation from the

flow of the dispersed phase along the device walls. We determine

the value of qc by decreasing the flow rate and calculating the

average between the smallest value of q that still produces drops

and the largest that does not. We find that qc is strongly

hysteretic; its value is nearly 10 times higher for increasing q than

it is for decreasing q. Moreover, the value of qc varies for

subsequent measurements. These observations are consistent

with there being a strong history dependence on the wetting

conditions of the surface. Thus we restrict our measurements to

those performed in unused devices and made with decreasing q.

In addition, we find that the flow rate of the dispersed phase has

a negligible effect on qc, provided its value is well below that of

the continuous phase; when the flow rates become comparable

there is a significant dependence of qc on the flow rate of the

dispersed phase. Thus, wherever possible, we restrict our

Fig. 1 Geometry of the non-planar junction. a) The dispersed phase

(blue) flows into a junction of height h through a central inlet of width ws

and height hs, which is centered vertically with respect to the outlet

nozzle. The continuous phase (black arrows) flows at a total rate q

through two side channels of width L and height h. The interface between

the fluids forms a spherical cap and both fluids are collected via an outlet

channel of width w and height h. b) A different view shows the triple

contact line (dashed line), where the two phases and the device meet. The

triple line lies on the circumference of the base of the spherical cap and

has a radius r. The triple line contact angle, h, is measured between the

two phases and the vertical wall on a plane that is perpendicular to the

triple line.
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measurements to values of the dispersed phase flow rate less than

one tenth of that of the continuous phase.

To test the dependence of qc on both the wetting properties of

the fluids and the device geometry, we plot the mean critical

velocity of the continuous phase in the side channel, Uc = qc/2hL,

as a function of the device dimensions and of h. While there is no

apparent dependence of Uc on L, h or Lh, as shown in Fig. 4a–c, it

does exhibit a marked dependence on h, decreasing dramatically

for contact angles approaching 90u as shown in Fig. 4d. To

quantify this dependence, we calculate the critical capillary

number, Cac = mUc/c, where m is the viscosity of the continuous

phase and c is the interfacial tension between the continuous and

dispersed phases. We plot Cac as a function of h. As in planar

devices, drops form at any Ca value when the continuous phase

preferentially wets the walls (h . 90u). However, in non-planar

devices, drops can also form when the dispersed phase preferen-

tially wets the walls (h , 90u) for Ca . Cac, as shown in Fig. 5.

Remarkably, Cac decreases monotonically by two orders of

magnitude as h approaches 90u. This trend can be explained using

geometrical considerations: for h close to 90u, most of the cross-

section of the side channels, hL, available for continuous flow is

excluded by the spherical cap, which nearly plugs the channel.19,20

Table 1 Operation of planar devices: drop making results for a variety of device materials, coatings and fluids. In all cases where h , 90u, qc was larger
than the maximum available flow rate and drops could not be formed; in all cases where h . 90u, qc was smaller than the minimum available flow rate
and the device formed drops continuously. Abbreviations: PVA—polyvinyl alcohol, MW 13 000–23 000 g mol21, 87–89% hydrolyzed, Sigma; DC—
Dow Corning Fluid; HFE—HFE-7500 fluorocarbon oil, 3 M; PDMS—polydimethylsiloxane; Apex Glass—see Methods; ODS—methyl-octadecyl-
dichlorosilane coating; O2 plasma—device under the effects of plasma treatment, see Methods; Aquapel—device coated with Aquapel, see Methods

Dispersed phase Continuous phase Device h (u) drops?

Water 36% (w/w) chloroform in hexane Apex Glass 16 ¡ 1 no
Water 1.8% (w/w) R22 in HFE PDMS 45 ¡ 5 no
Water DC 200 0.65cSt O2-treated PDMS 60 ¡ 5 no
Water DC 200 5cSt O2-treated PDMS 60 ¡ 5 no
Water DC 510 50cSt O2-treated PDMS 60 ¡ 5 no
HFE Water PDMS 62 ¡ 3 no
HFE Water O2-treated PDMS 81 ¡ 3 no
Water HFE O2-treated PDMS 99 ¡ 3 yes
Water HFE PDMS 117 ¡ 3 yes
3% (w/w) PVA in water 2% (w/w) EM90 in 1-octanol Aquapel-treated PDMS 133 ¡ 3 yes
3% (w/w) PVA in water 2% (w/w) EM90 in 1-octanol PDMS 150 ¡ 3 yes
3% (w/w) PVA in water 1.8% (w/w) R22 in HFE O2-treated PDMS 150 ¡ 5 yes
3% (w/w) PVA in water 1.8% (w/w) R22 in HFE PDMS 150 ¡ 5 yes
Water 1.8% (w/w) R22 in HFE O2-treated PDMS 154 ¡ 2 yes
Water 36% (w/w) chloroform in hexane ODS-treated Apex Glass 165 ¡ 2 yes

Fig. 2 Top: Time sequence of the formation of aqueous (50% (w/w)

glycerol in water) drops in oil (HFE 7500) in a non-planar PDMS

channel coated with parylene. Water flows from the small channel into

the junction at a rate of 0.1 mL h21, where it partially wets the adjacent

walls, forming a cap (t = 0 ms, t = 12 ms). This cap continues to grow

with a fixed h y 60u until the shear applied by the continuous phase,

supplied at a rate of q = 15 mL h21 from the side channels, deforms the

cap (t = 56 ms) resulting in the release of a droplet (t = 142 ms). Scale bar:

200 mm. See also supplementary movie 1.{ Bottom: h measured from the

top movie plotted as a function of time lapsed from first appearance of

the forming drop.

Fig. 3 Formation of aqueous (50% (w/w) glycerol in water) drops in oil

(HFE 7500) in PDMS channels coated with parylene for decreasing rates

of flow, q, of the continuous phase (left to right). For q below qc = 0.75 ¡

0.25 mL h21, drops are no longer released from the cap and the aqueous

phase wets the walls of the main channel (right). Scale bar: 50 mm. See

also supplementary movie 2.{ b) The radius of the spherical cap base

normalized by the height of the device is plotted against the inverse of the

flow rate of the continuous fluid normalized by qc. The radius increases

with decreasing flow rate and reaches a value of unity for q = qc. For qc/q

. 1, drops no longer form as the dispersed phase wets the walls of the

main channel. Geometry: (ws, hs, w, h) = (25, 25, 125, 125) mm and L =

10 mm (circles), L = 20 mm (squares), L = 40 mm (triangles), L = 62.5 mm

(diamonds). Static contact angle h y 60u.
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Consequently, the flow velocity of the continuous phase and the

shear force it applies on the cap increases. For the device geometries

used in our experiment, the minimum cross-sectional gap d can be

approximated by Lcosh, as shown in the inset of Fig. 5.

Although the capillary number dominates the detailed mechan-

ism of drop formation in unconfined systems,8 its selection as the

dimensionless parameter in our experiments remains to be

justified with further experiments. Nevertheless, we have shown

that, in confined systems, drop formation depends strongly on the

contact angle between the fluid phases and the device. In the case

of planar devices this dependence is a step function,

Cac y H(90u 2 h)

where H is the step function, while in the non-planar devices used

here we suggest that this dependence can be approximated by

Cac y cosh?H(90u 2 h)

Double emulsion drops in non-planar devices

An important application of the non-planar drop maker is the

production of double emulsions, without the need to locally

modify the wettability of the channel walls. We demonstrate

this by producing water/oil/water double emulsions in the

hydrophobic channel network shown in Fig. 6a. The hydro-

phobic walls are favorable for making water drops in oil, and

hence a planar junction is used for the inner drops. To produce

double emulsions, these drops and the surrounding oil are

subsequently emulsified at the second junction, which requires a

non-planar geometry to facilitate drop formation. The shear

exerted on the cap forming in the second junction is sufficiently

large to prevent the middle oil phase from wetting the walls of

the main channel, as is evident from the top-view image in

Fig. 6b and the side-view image in Fig. 6c. By contrast, when

using a planar geometry in the second junction (Fig. 6d), the

middle oil phase wets the walls even at high flow rates of the

continuous water phase, and the formation of double emulsions

is not possible; instead, the middle phase co-flows with the

continuous phase along the device walls, as shown in Fig. 6e

and Fig. 6f. The design can be modified to produce oil/water/oil

double emulsions by using a non-planar geometry for the first

junction, or to make multiple emulsions by using sequential

drop-making junctions.

Fig. 4 Critical flow velocity Uc required to reproducibly form drops as a function of the geometry of the device and of h.

Fig. 5 The critical capillary number as a function of the dynamic

contact angle as measured for drop makers with varying geometry. For

h , 90u, drops are formed only when the capillary number is higher than

the critical value Cac. For h . 90u, the continuous phase preferentially

wets the walls and drops are formed regardless of the capillary number.

Dashed line is a fit of the Cosine function to the data. Inset:

approximating the cross-sectional gap d between the side channel and

the forming drop. For L , h, d can be approximated as Lcosh.

Fig. 6 Non-planar devices for making double emulsions. a) A schematic

drawing of a hydrophobic non-planar device with water drops (white)

forming at the planar first junction, and oil drops (blue) wrapping the

water drops at the second, non-planar junction. b) Top view of a real

non-planar junction, similar to the second junction in the schematics, as

it is making drops. See also supplementary movie 3.{ c) Side view of the

same junction in (b). See also supplementary movie 4.{ d) A schematic

drawing of a hydrophobic planar device with water drops forming at the

first junction and a sheath of oil that wets the floor and ceiling wrapping

the water drops at the second junction. e) Top view of a real planar

junction similar to the second junction in the schematics, as it is making

drops. See also supplementary movie 5.{ f) Side view of the same junction

in (e). See also supplementary movie 6.{ Scale bar is 100 mm.

Lab Chip This journal is � The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 H

ar
va

rd
 U

ni
ve

rs
ity

 o
n 

14
 A

ug
us

t 2
01

2
Pu

bl
is

he
d 

on
 0

4 
Ju

ly
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2L

C
40

54
6F

View Online

http://dx.doi.org/10.1039/c2lc40546f


Although the formation of double emulsions in non-planar

drop makers should be possible for a wide range of fluids and

wall properties, some combinations require impractically large

flow rates of the continuous phase to prevent the dispersed phase

from wetting the walls. These are ultimately limited by the bond

strength of the device. Increasing h towards 90u can reduce these

flow rates substantially, as shown in Fig. 5; however, h cannot be

increased above 90u or the inner drops cannot be produced in the

planar junction upstream. Tuning h can be achieved by coating

the device with functional layers.21,22 The critical flow rate may

be further decreased by using side channels of smaller cross-

sectional area hL, and by using angled junctions.9

Summary & outlook

In planar devices, drops form only if the continuous phase

preferentially wets the walls; by contrast, when using non-planar

devices drops can also form when the dispersed phase

preferentially wets the walls, given that the flow rate of the

continuous phase is sufficiently large to prevent the dispersed

phase from wetting the channel walls. The minimum required

flow rate of the continuous phase to operate these devices

decreases dramatically as the contact angle approaches 90u.
These findings can be used as guidelines to design non-planar

drop makers to ensure the minimally required flow rate does not

exceed practical limitations. We demonstrate the formation of

double emulsion drops in non-planar devices, and we expect that

those devices can also be used to make emulsions of higher order

complexity.

Methods and materials

Fabrication of devices

We make planar devices using two different materials: poly-

dimethylsiloxane (PDMS) and Apex glass. We make PDMS

devices using replica molding with SU8 photo resist as the mold

master,23 and the Apex Glass devices are custom made by Life

BioScience Inc. (Albuquerque, NM, USA). We make non-planar

devices from PDMS; since it is topologically impossible to make

non-planar junctions using a single photolithographic mold, we

first make two complementary molds, one for the top part of the

non-planar junction and a second for the bottom part. Each of

the molds consists of two layers, as shown in Fig. 7a. The

multilayered molds are fabricated via a two-step UV exposure,

applying a second photo-resist layer between the two exposures

and aligning the second exposure with the first using a mask

aligner (ABM, CA). After replicating the top and bottom molds

with PDMS, we align the two replicas using a ‘‘mortise and

tenon’’ method24,25 by matching positive features on one side

with negative features on the other, as shown in Fig. 7b. After

treating both sides with oxygen plasma, we apply a drop of water

for lubrication, match the two parts and bake dry at 65 uC for

one hour to bond.

Wettability control of the devices

To control the contact angles in our devices we coat the channels

or treat them with oxygen plasma. We render PDMS devices

more hydrophilic by treating them with oxygen plasma and using

them promptly, since the device wettability relaxes to the

hydrophobic native state after several weeks at room tempera-

ture, or after several days at 65 uC. We render the PDMS devices

more hydrophobic by coating them with Aquapel (Rider, MA,

USA). We inject Aquapel into the devices and then dry the

devices by blowing air into them and baking at 65 uC for 15 min.

To flow organic solutions that would otherwise swell PDMS, we

coated some PDMS channels with parylene.22 We render the

glass devices more hydrophobic by coating them with 5%

methyl-octadecyl-dichlorosilane and 5% ethyl acetate in toluene.

We inject the silane coating into the devices, wash the devices

with clean hexane, and dry them by blowing air into them and

baking at 65 uC for 15 min.

Measuring interfacial tension forces and contact angles

The interfacial tension was measured using Dunoy’s ring method

on a Sigma 700 tensiometer (Attension, Finland). The static

contact angles were measured based on the static sessile drop

method using a home-built goniometer. We also measured the

dynamic contact angle during the formation of droplets in the

microfluidic device by analyzing the drop shape from images.

The static contact angles agree with the dynamic contact angles

to within 15%.
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