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The miniaturization of droplet manipulation methods has led to
drops being proposed as microreactors in many applications of
biology and chemistry. In parallel, micro�uidic methods have
been applied to generate monodisperse emulsions for applica-
tions in the pharmaceuticals, cosmetics, and food industries. To
date, micro�uidic droplet production has been dominated by
a few designs that use hydrodynamic forces, resulting from the
�owing �uids, to break drops at a junction. Here we present
a platform for droplet generation and manipulation that does
not depend on the �uid �ows. Instead, we use devices that
incorporate height variations to subject the immiscible interfaces
to gradients of con�nement. The resulting curvature imbalance
along the interface causes the detachment of monodisperse
droplets, without the need for a �ow of the external phase. Once
detached, the drops are self-propelled due to the gradient of
surface energy. We show that the size of the drops is determined
by the device geometry; it is insensitive to the physical �uid
properties and depends very weakly on the �ow rate of the
dispersed phase. This allows us to propose a geometric theoret-
ical model that predicts the dependence of droplet size on the
geometric parameters, which is in agreement with experimental
measurements. The approach presented here can be applied in
a wide range of standard applications, while simplifying the
device operations. We demonstrate examples for single-droplet
operations and high-throughput generation of emulsions, all of
which are performed in simple and inexpensive devices.
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The production of droplets in microchannels is generally
performed in one of three dominant geometries: T-junctions

(1), � ow-focusing devices (2), and co� ow devices (3). Since the
initial introduction of these devices, many studies have focused
on understanding their underlying physics (see refs. 4–6 for
recent reviews), as well as on extending their range of opera-
tion, for instance by parallelizing the injection nozzles to in-
crease the total throughput (7, 8) or to generate drops with
variable contents (9, 10). In parallel to such mechanical studies,
a large body of recent work has dealt with applications of
droplet methods to biological or chemical analysis, where each
droplet is considered as a mobile microreactor (see, e.g., refs.
11–13 for reviews).

All three methods allow the production of a well-calibrated train
of droplets by continuously injecting the droplet and carrier� uids
through a well-designed micro� uidic geometry. At the junction
where the� uids meet, drops detach due tothe hydrodynamic forces
that are determined by a coupling of the� ow rates with the geo-
metric parameters and� uid properties. This � xes the size, volume
fraction, transport velocity, and production frequency of the drop-
lets (4–6). It is not possible to vary one of these parameters without
affecting the others, except by using active external forcing (14–17).

This contrasts with nonmicro� uidic methods to produce drops,
such as micropipetting or ink-jet printing. In these methods, only
the dispersed phase is injected and the drop detachment is due to
a local loss of equilibrium between the force due to surface tension
and a body force: weight or inertia, respectively. The simplicity of
the physical mechanisms of these methods yields a high degree of
� exibility and stability, which explains their widespread use from

the production of a single drop on demand to highly parallel au-
tomated platforms. However, these techniques cannot be applied
at micro� uidic scales, because body forces become negligible as the
drop size decreases. Instead, the� ow behavior in microchannels is
usually dominated by surface tension and viscous effects.

In this context, gradients of surface energy were recently shown
to resemble gradients of gravitational potential energy (18). These
surface energy gradients, which were produced by local variations
in drop con� nement, could apply suf� cient forces to guide or trap
drops using microfabricated grooves, which were called“rails” and
“anchors” for guides and traps, respectively (19). We now address
the question of whether gradients of con� nement alone are suf� -
cient to generate micro� uidic droplets, to mimic the behavior of
a pipette at micro� uidic scales.

Producing Drops of Controlled Size
We address this question using the device sketched in Fig. 1A,
which provides a constant con� nement gradient in a micro� uidic
chamber. It consists of an inlet channel of rectangular cross-section
that leads to a wide reservoir whose top and bottom walls can be
inclined at an angle� (seeSI Materials and MethodsandFig. S1for
microfabrication details). The device is initially � lled with the
liquid that will form the continuous phase and its surface is treated
to provide good wetting for this liquid. The second� uid is then
injected into the reservoir through the inlet channel. If the top and
bottom walls of the reservoir are parallel, there is no gradient of
con� nement and a circular tongue grows inde� nitely into the
reservoir and does not break off (Fig. 1B).

This is not the case when the ceiling is inclined with respect to
the � oor, even for a small inclination angle� �18, as illustrated in
Fig. 1 C–E. In this case, the thread expands into an elongated
tongue upon entering into the reservoir. The tongue’s equivalent
radius R=

ffiffiffiffiffiffiffiffiffi
A=�

p
, where A is the projected surface area, grows

until it reaches a critical valueR*. At this point the thread locally
forms a neck (Fig. 1D) that shrinks before suddenly pinching off,
thus liberating a droplet of radiusRd. The drop then spontaneously
moves away from the nozzle (Fig. 1E). This scenario is generic to
all of the sloped nozzles that we have investigated, spanning angles
in the range 0:58< � < 4:58, widths from 100< w< 500 �m, oper-
ated at � ow ratesQ = 0:04–40 �L/min. A phase diagram of the
drop pinch-off is illustrated byMovie S1.

Physical Mechanism for Droplet Breakup
The physical mechanism behind the droplet breakup originates
from the Laplace pressure jump, which locally relates the mean
curvatureC of an interface to the difference between the inner and
outer pressure� elds, pi and po, through the interfacial tension
� : pi �po = � C. In the quasi-static case, i.e., when pressure variations
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