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Step emulsification in microfluidic droplet
generation: mechanisms and structures

Zhi Shi, a Xiaochen Lai, a Chengtao Sun,a Xingguo Zhang,a Lei Zhang,a

Zhihua Pu, a Ridong Wang,a Haixia Yub and Dachao Li*a

The droplet-based microfluidic techniques have been applied widely in functional material synthesis

and biomedical information measurements, wherein step emulsification as an integrated system

combines the advantages of homogeneity and throughput in monodisperse droplet formation. This

paper reviews the mechanisms and classical structures of step emulsification. In terms of droplet

formation mechanisms, we describe the droplet size and detachment regimes related to the

microchannel geometry. Distinguished by droplet formation, microfluidic step emulsification driven by

interfacial tension and centrifugal step emulsification related to buoyancy are introduced respectively,

including their improved structures for enhancing the droplet homogeneity and throughput. Finally,

the perspectives about the developments of step emulsification in mechanisms, fabrications, and

applications are discussed.

1. Introduction

Emulsification merges immiscible fluids into mass-independent
reaction units, which have been attributed to many applications,
such as food production, materials synthesis, and biomedical
science.1–5 As microscale templates, emulsion droplets are used in
functional material synthesis, such as microparticles6–9 and
microcapsules,10,11 which are revolutionizing drug delivery.12,13

As ideal chemical and biological microreactors, emulsion droplets
within nanolitre and picolitre volumes have been applied in

digital assays for single-molecule detection,14–16 such as digital
polymerase chain reaction,17,18 single-cell analysis,19,20 enzyme
analysis,21,22 and genome sequencing.23,24

There are active and passive methods in emulsion droplet
generation. In passive methods, droplet formation depends on
the intrinsic properties of fluids. The detachment regimes of
droplets are dominated by the competition of capillary, viscous
and inertial forces, etc. In active methods, droplet formation is
dominated by external forces, such as electrical, magnetic,
centrifugal, optical, thermal, and mechanical forces.25 For
microfluidic structures of droplet generation, it is common
that the viscous shear force affects droplet detachment. The
cross-flow,26–30 co-flow,31–33 and flow-focusing34–37 techniques
are representative among these methods. However, in these
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emulsifications the size and homogeneity of droplets depend
severely on the flow rate of fluids. Then, mass monodisperse
droplet production is limited in these ways since slight fluctua-
tions in the flow rate will result in polydisperse droplets.
Moreover, another disadvantage of such methods is the dead
volume, which inevitably leads to sample waste. Generating
uniform droplets by variations of channel confinement, step
emulsification38–41 is extensively used in both research and
applications. The size of the emulsion droplet is exclusively
dominated by the geometry of devices and is independent of
the flow rates of fluids in the dripping regime. In addition, the
dead volume would be eliminated by optimizing the experi-
mental workflow. The throughput of emulsification could be
improved by adjusting the critical velocity and parallelization of
the droplet formation units. Such advantages have promoted
step emulsification to be applied in the mass production of
monodisperse droplets with high efficiency.

In this paper, we review the mechanisms for droplet for-
mation and various microfluidic structures of step emulsifica-
tion. First, we introduce a quasi-static mechanism for droplet
formation, after which the influences of the droplet size and
droplet detachment regimes from the structure geometry are
illustrated. Second, the microchannels step emulsification
structures in which droplet formation is dominated by inter-
facial tension are introduced, including the grooved-type
microchannel, the straight-through microchannel, the edge-
based droplet generation device, the triangular nozzle micro-
channel and their improved structures for droplet homogeneity
and throughput. Third, as integrated platforms for digital
assays, the devices of centrifugal step emulsification in which
droplet formation is dominated by interfacial tension and
buoyancy produced by the centrifugal field are depicted in this
paper. Finally, the critical commentary about the structure
flexibility of step emulsification is statemented, and further
developments are considered based on the mechanism, fabri-
cation, and application.

2. Mechanism of step emulsification
2.1 A quasi-static mechanism for droplet formation

Microfluidic step emulsification is used to generate droplets
with diameters ranging from nanometres to hundreds of micro-
metres. The main components of microfluidic step emulsifi-
cation consist of a dispersed phase channel, a reservoir of the
continuous phase and a nozzle, with a height that is signifi-
cantly different from the reservoir. The schematic is illustrated
in Fig. 1a. After microchannel emulsification for droplet
formation was first presented,38 most of the research on the
droplet formation mechanism are based on experimental
phenomena42,43 and numerical simulations.39,44,45 Afterwards,
geometric models46 were presented to characterize the process
of step emulsification. Among the reported physical mechanisms,
a quasi-static mechanism related to the structure geometry has
been proposed to explain droplet formation.47,48

The quasi-static mechanism is based on three hypotheses.47

The first condition is that the dispersed phase cannot wet the

Fig. 1 Schematic of step emulsification. (a) Top and side views of the step
emulsification structure. (b) Cross-sectional views of the nozzle in two
lateral directions. I. The dispersed phase is injected into the nozzle; II. The
radius of bulb reaches the critical value and begins to form the necking
region; III. The diameter of the neck decreases to the nozzle height after
necking; IV. The droplet detaches from the dispersed phase into the
continuous phase.
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channel walls for droplet formation. The second condition is to
neglect the gravitational effect. The third condition is that the
system evolves in a quasi-static manner. The Young–Laplace
equation is used to contact the mean curvature k with the
pressure of the outer phase po and inner phase pi,

gk = pi � po (1)

where the mean curvature k is the sum of curvatures of the
surface along with its two principal directions. When the flow
pressure fluctuations are negligible compared with the Laplace
jump gk, the mean curvature k is constant over the interface.
The quasi-static hypothesis implies that the mean curvature
matches between the thread upstream of the step and the blub
downstream of the step in an equilibrium state.

In the quasi-static mechanism of step emulsification, the
continuous phase with surfactant is filled into the reservoir in
advance, and the immiscible dispersed phase is injected into
the channel (Fig. 1.b.I). When the thread of the dispersed phase
crosses the step, a blub emerges downstream of the step. As the
sustained injection of the dispersed phase, the mean curvature
of the blub decreases, while its size increases. To match the
mean curvature of the bulb, the mean curvature of the thread
decreases until it reaches the critical value 2/h caused by the
confinement of the nozzle channel (Fig. 1.b.II). After that, the
equilibrium is broken because the thread could no longer
match the reduction of the blub mean curvature. A necking
region appears between the thread and the bulb and then grows
in time during disequilibrium. The cross-section length of the
neck wn decreases as the necking region grows. When wn

decreases to nozzle height h, the bulb detaches from the thread
of the dispersed phase caused by the Rayleigh–Plateau
instability49 (Fig. 1.b.III). Eventually, a droplet is released into
the continuous phase and the thread shrinks back to the nozzle
for the next droplet formation (Fig. 1.b.IV). The necking time
depends on the viscosity ratio and interfacial tension,50 during
which the backflow of the continuous phase contributes to the
expansion of the necking region.51

2.2 Structure geometry

Microchannel step emulsification is driven by interfacial
tension,52 and the size of the droplet is primarily dominated
by the geometry of the microchannel. A grooved-type micro-
channel was proposed initially38 whose structure is illuminated
in Fig. 2a. There is a terrace between the nozzle and the continuous

phase reservoir. After the dispersed phase is injected, the thread
goes through the nozzle and inflates over the terrace. Under the
step emulsification mechanism, the bulb increases gradually and
detaches into a droplet by the Rayleigh–Plateau instability. The
effect of nozzle length on the droplet diameter is measured by
maintaining a constant nozzle width, depth, and terrace length.
Similarly, the relationship between droplet diameter and nozzle
width has been studied. The results reveal that the droplet diameter
is independent of both the nozzle length and width.43

The nozzle depth is a dominant parameter with respect to
the droplet size in step emulsification, and the terrace length
has a slight influence as well. The geometry of the nozzle is
controlled to characterize the influence of the terrace length on
the droplet size.42 The droplet diameter increases slightly with
increasing terrace length; however, the detachment length defined
as the distance between the terrace end and the position where the
droplet detaches is constant regardless of the terrace length. The
experiments of structures with different nozzle heights reveal that
the droplet diameter is linearly related to the nozzle height.
Supposing that the thread is disk-shaped over the terrace before
droplet detaching, the final volume of the droplet is a function of
the detachment length A and structure geometry.

V ¼ H
L2f
4
� L L� 2Að Þ

4
sinf

� �
(2)

where H is the nozzle height, L is the terrace length and the angle
f is defined as:

cosf ¼ L� 2A

L
(3)

The diameter of a droplet can be computed by:

D ¼ 6V

p

� �1=3

¼ 6H

p
L2

4
cos�1

L�2A
L

� �
�L�2A

4
sin cos�1

L�2A
L

� �� �� �� �1=3

(4)

It is necessary to point out that the above analysis is effective
in the dripping regime which is discussed in the following
sections. Furthermore, the numerical relationship between
droplet diameter and nozzle height could be computed by
regression analysis with experimental data, and is useful for
modifying the droplet diameter prediction.42

Fig. 2 Schematics of microfluidic step emulsification devices. (a) The grooved-type microchannel. (b) The straight-through microchannel. (c) The edge-
based droplet generation (EDGE) device. (d) The triangular nozzle microchannel.
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Corresponding with the flow rate of the dispersed phase, the
dimensionless parameter Capillary number Ca is used to
characterize the dripping regime and jetting regime of droplet
formation. In the dripping regime, the droplet size is insensi-
tive to the input flow rate, and in the jetting regime, the droplet
size increases significantly with increasing flow rate. Capillary
number Ca is the ratio of the viscosity force to the interfacial
tension:

Ca ¼ ZdisU
g

(5)

where Zdis is the viscosity of the dispersed phase, g is the
interfacial tension between two phases and U is the character-
istic flow rate of the dispersed phase. There is a critical
Capillary number Ca* distinguishing the two regimes of droplet
formation. When Capillary number is below Ca*, emulsifica-
tion is dominated by the interfacial tension, and the dispersed
phase forms monodisperse droplets spontaneously in the drip-
ping regime. While Capillary number is larger than Ca*,
emulsification is dominated by the viscosity force, and poly-
disperse droplets are produced in the jetting regime. The
critical Capillary number represents the range of monodisperse
droplet formation in the dripping regime, and the mass pro-
duction of monodisperse droplets is easier to achieve with a
higher Ca*. The critical Capillary number is related to the
structure geometry, a higher critical Capillary number can be
obtained through a longer or narrower nozzle.43 Furthermore, the
critical Capillary number is independent of neither the viscosity
of the fluid nor the nozzle height for a constant viscosity ratio
of two phases.53

Moreover, the fluid properties have been studied in step
emulsification. As a force driving droplet formation, the inter-
facial tension is irrelevant to the droplet size, although it influ-
ences the temporal characteristics of droplet formation.54 Except
for experiments, computational fluid dynamics (CFD) simulations
have always been used to characterize the numerical relationships
between the physical parameters and emulsification.45,55,56 The
viscosity ratio is an important parameter for the droplet formation
regimes, a minimum and a critical viscosity ratio are found in the
microchannel step emulsification.57 When the viscosity ratio of
the dispersed and continuous phases is higher than the critical
viscosity ratio, the droplet size is constant. The droplet diameter
increases as the viscosity ratio decreases until the minimum
viscosity ratio is reached, below which the droplet cannot be
emulsified.57–59 As well as the critical Capillary number, the
minimum and critical viscosity ratio could be adjusted by the
geometry of microchannel structures. For a grooved-type micro-
channel, a shorter terrace and longer nozzle would lead to a
lower critical and minimum viscosity ratio.57 A CFD simulation
has been established for investigating the influence of the
wall contact angle on the droplet diameter in step emulsifica-
tion, and the droplet diameter increases as the contact angle
decreases.60 Furthermore, the introduction of a continuous
phase co-flow mechanism61 in step emulsification could
broaden the ranges of wall contact angle for droplet formation
from 140–1801 to 90–1801.62

3. Microfluidic step emulsification

The interfacial tension dominates droplet formation in a
microchannel step emulsification driven by the pressure or
flow rate, where the gravity effect is always neglected. The
grooved-type microchannel consists of a dispersed phase channel,
a nozzle, a terrace and a continuous phase reservoir as depicted in
Fig. 2a. There is a height difference between the terrace and
reservoir for step emulsification. The device is manufactured on
a silicon wafer by photolithography and orientation-dependent
etching,43 as shown in Fig. 3. To generate monodisperse droplets
in the dripping regime, the continuous phase is injected into
the microchannel first to wet the walls and be full of the
reservoir; then, the dispersed phase is driven by the pressure
or flow rate under the critical Capillary number. The droplet
diameter is linear with the nozzle height with a factor of
approximately 4. The influences of the droplet size and for-
mation regimes by the fluid properties and driven parameters
are depicted in Section 2.

A straight-through microchannel is proposed for step emulsifi-
cation, the structure of which includes exclusively elongated
straight holes for droplet formation,63,64 as shown in Fig. 2b.
Deep reactive ion etching (DRIE) on a silicon wafer is used to
fabricate the device. Except for a closed channel, a continuous
phase could be placed in an open reservoir, and the dispersed
phase is driven into the straight hole to detach the droplets at
the exit, as shown in Fig. 4a. The droplet diameter is linearly
related to the depth of the straight hole, which is roughly a
multiple of 4. There is a critical aspect ratio of approximately
3–3.5, below which droplet detachment requires a strong
backflow of the continuous phase, and the droplet size is
so unstable that a continuous outflow emerges. In contrast,
when the straight hole aspect ratio is above the critical value,
monodisperse droplets are generated spontaneously in the drip-
ping regime.55,65 Similar to the grooved type, the critical Capillary
number corresponding to the flow rate is a boundary between the
dripping and jetting regimes.51 The critical Capillary number is
related to the viscosity ratio of two phases, and the critical
Capillary number could be improved by providing the continuous
phase with high interfacial tension.66 Throughput enhancement

Fig. 3 Schematic of silicon grooved-type microchannel. Reprinted with
permission from ref. 43. Copyright (2002) American Chemical Society.
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of droplet formation could be realized by both the critical
Capillary number adjustment and straight hole parallelization.
The simple structure of a straight hole is suitable for parallel
fabrication, as shown in Fig. 4b, and high-throughput mono-
disperse droplet generators are generally made in an open
reservoir with arrayed straight holes.

The parallel straight-through microchannel for high
throughput is confronted with droplet congestion out of the
nozzle, which hinders the homogeneity and productivity of
droplet formation. A step emulsification device applying the
buoyancy to clear formed droplets out of the nozzle sponta-
neously without a shear flow has been proposed,67 as shown in
Fig. 4(c). The device with parallel nozzles is placed in the
continuous phase, and the density difference between two
phases causes the clearance of droplets as soon as they detach
from the nozzles. The master is fabricated by soft lithography
for droplet diameters smaller than 300 mm, and a 3D printed
master is applied to generate droplets whose diameters are

above 300 mm. After pouring polydimethylsiloxane (PDMS) and
bonding with a glass plate, the device could produce mono-
disperse droplets with diameters ranging from 30 to 1000 mm
with coefficients of variation (CV) of 3–5%, and the throughput
of droplet formation was up to 10 L h�1.

The edge-based droplet generation (EDGE) device is another
step emulsification structure for high-throughput droplet for-
mation. Instead of the straight hole, there is a wide shallow
plateau as the nozzle, in which it is realized that parallel
droplets are generated from a single nozzle simultaneously.
The schematic diagram is shown in Fig. 2c. A silicon wafer is
patterned by the deep reactive ion etching (DRIE) technique
and then bonded with a glass plate.68 As shown in Fig. 5,
compared with a rectangular plateau (Fig. 5a), a triangular
plateau (Fig. 5b), the width of whose cross section gradually
increases from the dispersed phase channel to the continuous
phase reservoir, has a higher critical Capillary number. There
is a throughput advantage in the EDGE microchannels by

Fig. 4 Schematic of the straight-through microchannel. (a) Schematic of the system for straight-through microchannel emulsification. Reprinted with
permission from ref. 66. Copyright (2005) American Chemical Society. (b) Schematic and photograph of a silicon parallel straight holes microchannel.
Reprinted with permission from ref. 66. Copyright (2005) American Chemical Society. (c) Parallel step emulsifier devices by shear-free and efficient
nozzle clearance. Reproduced from ref. 67 with permission from The Royal Society of Chemistry.

Fig. 5 Schematic of the edge-based droplet generation (EDGE) device. (a) EDGE device with rectangular plateaus. Reproduced from ref. 68 with
permission from The Royal Society of Chemistry. (b) EDGE device with triangular plateaus. Reproduced from ref. 68 with permission from The Royal
Society of Chemistry. (c) Schematic and photograph of the partitioned EDGE device. Reproduced from ref. 69 with permission from The Royal Society of
Chemistry.
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producing parallel droplets through a single nozzle; on the
other hand, the CV of approximately 10% is expected to be
optimized. To improve the stability of the droplet formation
process, partitioned structures are added on the plateau, as
shown in Fig. 5c. Although the droplet diameter increases with
increasing driving pressure, the CV of the droplet remains
below 5% in the pressure range from 115 mbar to 1000 mbar.
Compared with the rectangular EDGE device, the partitioned
EDGE device has a smaller scaling factor between the droplet
diameter and the plateau height, and the scaling factors are
6 and 4.5 respectively. An unexpected phenomenon is that as
the driving pressure increases, larger monodisperse droplets
with a scaling factor of 14 are generated between 1400 and
2800 mbar.69 However, the robustness and congestion possibi-
lity of the device should be considered during high-throughput
droplet generation. Furthermore, it is reported that there is a
better insensitivity between the droplet diameter and the
variety of input flow rates when the height of the partitioned
structure is more than half of the plateau height.70 Combined
with the parallelization and locality of droplet formation, EDGE
devices have an inherent advantage with regard to the through-
put, and optimizing the structure to ensure the homogeneity of
droplets would bring the structures into more applications.

The triangular nozzle microchannel exhibits a more opti-
mized performance for droplet formation than the rectangular
nozzle. The triangular nozzle plays the role of the terrace for the
backflow of the continuous phase with the stretched cross
section, as shown in Fig. 2d. With the inflation of the dispersed
phase in a triangular nozzle, there is a gradual Laplace pressure
that decreases the flow rate of the thread and decouples the
correlation between the local flow rate and the external driven
flow rate. The triangular nozzle provides a local independent
area for droplet formation to prevent extra interference from
both the dispersed and continuous phases. The throughput of

droplet formation could be improved by paralleling nozzles
along the channels. A millipede device is designed for 20–160 mm
diameter monodisperse droplet generation, retaining the
throughput up to 150 mL h�1 with a CV below 3%. As shown
in Fig. 6a, this device contains a total of 550 triangular nozzles
along both sides of the dispersed phase channel.71 The master
is fabricated by the soft lithography technique on which PDMS
is poured to form the microchannel pattern. The diameter of
the monodispersed droplet depends on the nozzle height, as in
other step emulsification methods; Furthermore, it is essential
for the aspect ratio of the nozzle ranging from 5.5 to 19. In the
droplet generation regimes, there is a critical Capillary number
that distinguishes the jetting regime and dripping regime in
which the droplet size is independent of the input flow rate.
This kind of step emulsification achieves highly uniform droplet
formation while maintaining high throughput and thus has
been applied in mass monodisperse droplet production. A glass-
based device with 364 parallel triangular nozzles is shown in
Fig. 6b. The device whose master is manufactured by wet etching
has been exploited in functional material syntheses, such
as toluene droplets, polycaprolactone (PCL) microcapsules,
magnetically responsive droplets, and poly(N-isopropylacrylamide)
(pNIPAm) microspheres.72

Concerning the parallel nozzle structures, the driving of the
continuous phase is necessary to prevent droplet clustering and
merging outside the nozzles. In addition, the backflow of the
continuous phase is effectual for droplet detachment. The
shunt channels have been utilized in the triangular nozzle for
enhancing continuous phase backflow.73 The 3D shunt channel
modified triangular nozzle device is illustrated in Fig. 6c, and it
is confirmed that the maximum flow rate of the dispersed
phase in the dripping regime has been increased significantly
without altering the size and size distribution of droplets.74

Such a 3D shunt channel modified device indeed has an advantage

Fig. 6 Schematic of the triangular nozzle microchannel. (a) Schematic illustration of the millipede device with parallelized triangular nozzles.
Reproduced from ref. 71 with permission from The Royal Society of Chemistry. (b) Layout and working principle of a glass microfluidic device for
parallelized step emulsification. Reproduced from ref. 72 with permission from John Wiley and Sons. (c) Shunt channels modified triangular nozzle
microchannel. Reproduced from ref. 74 with permission from The Royal Society of Chemistry.
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with throughput; however, it is noteworthy that the overlay
alignments with multilayer structures significantly increase the
difficulty of soft lithography processing, and the obvious poly-
dispersity of droplets would be caused by a misalignment.

4. Centrifugal step emulsification

In the mechanism of centrifugal step emulsification, an artifi-
cial gravity field is produced by centrifugal force, resulting in a
gravity effect that cannot be neglected. Except for being driven
by interfacial tension, droplet detachment is dominated by
buoyancy, which is affected by the centrifugal field and the
density difference between the dispersed phase and the con-
tinuous phase. A dimensionless parameter Bond number is
used to describe the balance between the interfacial tension
and buoyancy in droplet formation. The definition of Bond
number Bo is the ratio of buoyancy to the interfacial tension:

Bo ¼ DrgH2

g
(6)

where Dr is the density difference between the dispersed and
continuous phases, g is the interfacial tension between the two
phases, g is the gravitational acceleration which represents the
centrifugal acceleration, and H is the characterized height. It is
reported that the Bond number is linearly related to the
Capillary number in centrifugal step emulsification, and the
slope is affected by the flow resistance of microchannels; in
detail, a microchannel with a higher flow resistance represents
a higher slope between the Bond and Capillary number.75

Cooperating to influence the regimes of droplet formation,
the Bond number and Capillary number each has a critical
value. When Capillary number is below the critical value, the
monodisperse droplets detach in the dripping regime domi-
nated by the interfacial tension. When Capillary number is
above the critical value and Bond number is below its critical
value, the generated droplet whose diameter increases with the
dispersed phase velocity detaches in the jetting regime. When
the Bond number is above the critical value, the monodisperse
droplet is generated in the dripping regime again, but the
droplet detachment is dominated by the buoyancy. Moreover,
the generated droplet diameter in this stage is the same as that
in dripping regime driven by interfacial tension. The conclusion
indicates that a steady dripping regime could be constructed over
the whole rotational frequency range by employing the micro-
channel flow resistance design. During the processing, droplet
detachment is dominated by the buoyancy before achieving the
critical Capillary number.

The schematic of the centrifugal step emulsification is
shown in Fig. 7, which mainly includes a dispersed phase
channel, a continuous reservoir, and a nozzle.76 The continu-
ous phase is injected into the reservoir first at a high rotational
velocity, and then the dispersed phase crosses the step to form
droplets by step emulsification mechanism with a suitable
rotational velocity. In the process of droplet formation, centri-
fugal step emulsification drives the input of the dispersed
phase and the backflow of the continuous phase synchronously

under the influence of the centrifugal force. Simplified fluid
control is an advantage compared with pressure-driven step
emulsification. In addition, the density difference between the
two phases favors removing the droplets from the nozzle exit
dominated by the buoyancy; In this way, droplet merging and
clustering are prevented spontaneously. Except for the nozzle
height, the droplet size related to the buoyancy and the flow
rate at the step junction are studied.77 Combining efficient
fluid delivery and monodisperse droplet formation, centrifugal
step emulsification as an integrated system is suitable for the
digital assays of biological samples.

An integrated centrifugal step emulsification device is
designed for the absolute quantification of nucleic acids in
recombinase polymerase amplification (RPA).76 The device is
fabricated by micro-milling of PMMA, and parallel nozzles are
provided for throughput enhancement, as shown in Fig. 8a.
The droplet diameter produced by the device ranges from 120
to 170 mm with the CV remains between 2% and 4%. The linear
relationship between the droplet diameter and nozzle height
is observed in the experiments. Based on the structure, an
advanced integrated step emulsification device is presented for
the application of the digital droplet polymerase chain reaction
(PCR).78 There is a tapered region in the continuous phase
reservoir, through which the gas bubbles generated by degas-
sing during thermal cycling could be transported from the
detection region by a capillary driving mechanism. As shown
in Fig. 8b. The device is fabricated by micro-milling the PMMA
master, and the master is turned into a PDMS template; Then
heat transfer the template into a COC device. It is confirmed
that a tapered structure with inclination angles from 21 to 61 is
effective for removing gas bubbles. Droplets with diameters of
147 mm are produced as the independent reaction and detec-
tion units in digital PCR. Another similar centrifugal step
emulsification device is used for the absolute quantification
of nucleic acids in digital droplet loop-mediated isothermal
amplification (ddLAMP),79 as shown in Fig. 8c. Furthermore,
to improve the internal volume fraction, which is defined as
the volume of the dispersed phase relative to the total emulsion

Fig. 7 Workflow of centrifugal step emulsification. The system is located
on a spinning disk and consists of an inlet chamber (i), a channel (ii) which
connects the inlet to a nozzle, and a droplet collection chamber (iii).
Reproduced from ref. 76 with permission from The Royal Society of
Chemistry.
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volume, a tree type microchannel was designed for centrifugal
step emulsification,80 as shown in Fig. 8d.

5. Conclusion and perspective
5.1 Step emulsification for specific applications

Microchannel confinement inducing droplet formation leads to
the obvious advantages of droplet homogeneity and through-
put, which also limits the flexibility in the practice of step
emulsification.

First, in step emulsification, the monodisperse droplet size
is related to the geometric characterizations of the microchan-
nel and independent of the flow rates of the fluids in the
dripping regime, which means that the droplet diameter is
difficult to adjust once the microchannel is designed. In con-
trast, droplet microfluidic technologies such as T-junction, flow
focusing, and co-flowing could adjust the droplet size through
controlling the velocity of the fluids. There is no doubt that
generating droplets with required diameters could greatly
expand the application scope of a single device, which is one
of the reasons why such structures have been widely applied
commercially. Second, the payloads of single droplets are
difficult to control in step emulsification compared with other
methods.81–83 Considering the systematic complexity and
experimental efficiency, researchers usually configure the
reagents in advance and then inject them as the dispersed
phase into the microchannel to form monodisperse droplets.
Hence, payloads such as the reagent type, concentration, and
ratio, etc. have been determined before droplets are generated.
Third, step emulsification is difficult to expand as a platform
for multiple emulsions. Due to the inherent 3D structure, it is
impractical to realize multiple emulsification through series
structures similar to others.10,84,85

As a result, based on the consideration of the structure
flexibility, step emulsification is difficult to expand as a general
droplet microfluidic platform for experiments. This method is
more suitable for focusing on the high-throughput generation of
monodisperse droplets with expected size and payload. Combined
with biology, chemistry, medicine, sensing, and information
technologies, step emulsification can have significant advan-
tages in specific applications.

5.2 A data-driven model is effective

Although there are a large number of excellent experimental
and theoretical analyses studying the mechanism of droplet
formation in step emulsification, semiquantitative conclusions
relying on experience are usually used for device design. Most
of the mechanistic studies of droplet formation in step emulsifi-
cation are based on some specific parameters of a specific
structure. However, such studies do not sufficiently reflect the
uniform and specific influences of the main physical para-
meters affecting the step emulsification among the various
structures. Distinguishing the major and negligible parameters
of step emulsification and finding the correlations between
them and droplet formation may be more effective for experi-
mental designs.

Data-driven machine learning models have the potential
to characterize the mechanisms of step emulsification. With
the development of information technology, machine learning
has played a very important role in droplet microfluidics,86,87

including biochemical experiments88,89 and droplet detection.90,91

Compared with traditional fluid simulation analysis models,
machine learning models have advantages in finding the
principal components among various parameters and charac-
terizing their correlations in a complex nonlinear system. Based
on a sufficient amount of representative data, it may be feasible

Fig. 8 Schematic of the centrifugal step emulsification. (a) Schematic of the centrifugal step emulsification with 23 parallel nozzles. Ref. 76 – Published
by The Royal Society of Chemistry. (b) Schematic of the centrifugal step emulsification with a tapered reservoir for digital droplet PCR on disk. Ref. 78 –
Published by The Royal Society of Chemistry. (c) Centrifugal DropChip for ddLAMP. Ref. 79 – Published by The Royal Society of Chemistry. (d) Centrifugal
step emulsification with a tree-typed microchannel.80 Published by MDPI.
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to quantify the strong correlations between various parameters
in step emulsification.

5.3 Fabrication is available

For the fabrication of step emulsification microchannels, the
current mainstream sizes are at the micron level. Combining an
affordable cost and acceptable precision, soft lithography is the
most popular technique in microfluidic manufacturing. In step
emulsification, soft lithography is usually used to fabricate a
SU-8 master with a structure height higher than 20 mm. Con-
sidering that the aspect ratio of the nozzle is not significantly
high in most cases, the technique is feasible for channel
heights down to 2 mm. However, due to planar processing, as
the channel size becomes increasingly meticulous, the overlay
alignment of multilayer structures to form the height difference
of the step emulsification microchannels is increasingly diffi-
cult. In addition, the problems of the common material PDMS,
such as deformation and swelling, should be sufficiently con-
sidered in practical applications.

Deep reactive ion etching (DRIE) is one of the most popular
dry etching technologies in micro-manufacturing. This technique
is suitable for the fabrication of high aspect-ratio (up to 30)92

structures. In step emulsification, DRIE with contact lithography
is commonly used for fabrications with channel depths from 1 mm
to 20 mm. To generate droplets with smaller sizes, DRIE is still
applicable to nanochannels. With projection and electron beam
lithography, DRIE could realize nanochannels fabrication with
minimum sizes of 90 nm and 10 nm, respectively. Although DRIE
has extremely high fabrication performance for silicon wafers, it is
not suitable for the precise processing of other substrate materials,
such as glass, quartz, and metal. In addition, the cost of DRIE is
much higher than that of soft lithography and increases
significantly with fabrication precision.

High-precision 3D printing technology has the technical
advantages of 3D manufacturing, which is exactly what step
emulsification requires. Although the accuracy has been suffi-
cient to meet the requirements of microchannels, such a
technology has not been fully utilized in step emulsification.67

As far as we know, 3D printing technology with 10 mm precision
is suitable for microchannel fabrication greater than 50 mm
width and 10 mm depth. For higher accuracy requirements, 3D
printing with 2 mm precision could fabricate a minimum
channel size with a 10 mm width and 5 mm depth.93–95 None-
theless, the limitation of available materials still exists, which
commonly include kinds of resins. In addition, 3D printing does
not have the cost and efficiency advantages of batch generation.
Although such limitations should be considered in practice, 3D
processing capability, sufficient accuracy, and acceptable cost
would make high-precision 3D printing technology more widely
used in the fabrication of step emulsification devices.

5.4 There are many rooms in digital detection

Step emulsification has been efficiently applied in biomaterial
synthesis and digital assays, such as digital PCR, digital LAMP,
and single-cell detection. In practical applications, step emulsifi-
cation combined with sensing and detection technology will play

an important role in point-of-care testing (POCT), and further
development towards integration and portability is needed.

First, the control of the fluid drive should be simpler. The
complex equipment and operations of the fluidic drive hinder
step emulsification from going out of the laboratory. Centrifu-
gal step emulsification based on a conventional centrifuge is a
direction for integration. The solutions include generating and
storing monodisperse droplets within a microfluidic chip96,97

and emulsification in a centrifuge tube,98–100 which promotes
step emulsification towards integration and portability respec-
tively. More novel step emulsification structures with simple
fluid operation need to be explored to match the integrated and
portable detections.

Second, to meet the actual POCT applications, it is necessary
to break through the droplet flexibility limitation of step
emulsification. Both the droplet diameter and throughput need
to be adjusted in a certain range for a single device. To address
this requirement, modular microfluidics101 can potentially be
applied to portable devices combining with step emulsification.
When the channels cannot be changed for a fixed structure,
different components of step emulsification structure could be
replaced through modular conversion to adjust the droplet
diameter and throughput.

Third, the digital detection technologies are to be expanded.
At present, droplet detection is mainly based on the fluorescence
signal of the reaction products, including flow-based fluorescent
detection and image-based fluorescent detection.102–104 A direc-
tion towards portable POCT is optofluidic platforms combining
step emulsification with smartphones.105–107 Due to the extremely
high droplet flux in digital assays, more imaging solutions and
artificial intelligence algorithms based on smartphones would help
to realize the integration of the emulsification, reaction, imaging,
calculation, and visualization. Furthermore, integrating high-
performance biosensors would expand the detection from fluores-
cence signals and contribute to improving the specificity, sensitivity,
and systematic integration.108 Combined with biochemical and
optoelectronic technologies, such step emulsification digital
platforms would expand the fluorescent, colorimetric, chemi-
luminescent, electrochemical measurements, etc. into dispersed.

We believe that step emulsification, as a robust platform
for discretizing samples, combined with sensing, detection,
and information technologies will open up more space for
bioinformation measurement.
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