UCSF

UC San Francisco Previously Published Works

Title
Block-and-break generation of microdroplets with fixed volume

Permalink
https://escholarship.org/uc/item/70n3m589

Journal
Biomicrofluidics, 7(2)

ISSN
1932-1058

Authors

van Steijn, Volkert
Korczyk, Piotr M
Derzsi, Ladislav

Publication Date
2013-03-01

DOI
10.1063/1.4801637

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/70n3m589
https://escholarship.org/uc/item/70n3m589#author
https://escholarship.org
http://www.cdlib.org/

BIOMICROFLUIDICS 7, 024108 (2013) @ G

Block-and-break generation of microdroplets with fixed
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We introduce a novel type of droplet generator that produces droplets of a volume set
by the geometry of the droplet generator and not by the flow rates of the liquids. The
generator consists of a classic T-junction with a bypass channel. This bypass directs
the continuous fluid around the forming droplets, so that they can fill the space
between the inlet of the dispersed phase and the exit of the bypass without breaking.
Once filled, the dispersed phase blocks the exit of the bypass and is squeezed by the
continuous fluid and broken off from the junction. We demonstrate the fixed-volume
droplet generator for (i) the formation of monodisperse droplets from a source of
varying flow rates, (ii) the formation of monodisperse droplets containing a gradation
of solute concentration, and (iii) the parallel production of monodisperse droplets.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4801637]

. INTRODUCTION

Microfluidic devices produce monodisperse droplets with a high-level of control over size
and contents, making them useful for applications in biotechnology, material synthesis, optoflui-
dics, and medical diagnostics.! Architectures most commonly used to form droplets are hydro-
dynamic flow focusing devices,” capillary devices,” and T-junctions.*> Other methods include
droplet formation in microchannel arrays and at terrace-like structures.® The volume of the
droplets created in all these devices depends on the geometry of the droplet maker, on the fluid
properties, on the flow rates, or on combinations of these parameters.’ For example, the volume
of droplets produced at T-junctions under squeezing conditions” linearly depends on the ratio of
flow rates of the dispersed and the continuous phase.“’8

On the one hand, the dependency of the volume of droplets on flow rates, device geometry
or fluid properties is convenient, because it provides a means to tune droplets to their desired
size.” On the other hand, it requires accurate control of flows that are stable in time, as fluctua-
tions in flow rates invariably lead to corresponding fluctuations in the size of the droplets.'®
Hence, chips need to be externally connected to precise pumps such that these lab-on-a-chips
are sometimes ironically referred to as chips-in-a-lab. This limits the use of droplet-based
assays in resource poor settings, where flows cannot be controlled with great precision.

In this paper, we introduce a new type of droplet generator in which the volume of droplets
depends primarily on the geometry of the droplet generator and not on flow rates nor on fluid
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properties. The advantage of the fixed-volume droplet generator is that it ensures generation of
droplets of a single size, even in environments in which fluids cannot be delivered at constant
rates, or in which the rates are difficult to tune to the requisite values. After characterizing the
fixed-volume droplet generator, we demonstrate how it facilitates the development of simple
and robust droplet-based laboratories-on-a-chip. Without external pumps and using gravity as
the sole driving force, we show the continuous production of monodisperse droplets of a fixed
volume, each containing a different but known solute concentration. Another application that
benefits from the decoupling between the volume of the droplets and the flow rates is the paral-
lelization of droplet production, as we demonstrate in this paper.

Il. RESULTS
A. Fixed-volume droplet generator

Our droplet generator consists of a T-junction with a bypass channel around it. Such
bypasses have previously been used in microfluidics to produce alternating streams of drop-
lets, synchronize droplet streams, merge droplets, and perform more complex operations.12
Figure 1 illustrates the formation of a droplet in the fixed-volume droplet generator. A forma-
tion cycle starts with the dispersed phase flowing from the side channel into the main channel
and blocking it. In contrast to a classic T-junction, the forming droplet grows without being
squeezed by the continuous phase, because the continuous phase flows around the droplet
through the bypass (Fig. 1(b)). Once the dispersed phase fills the channel between the inlet of
the dispersed phase and the exit of the bypass, it blocks this exit (Fig. 1(c)); consequently,
the continuous phase squeezes the dispersed phase until it breaks and a droplet is released
(Fig. 1(d)). This block-and-break mechanism thus enables the formation of droplets with a
volume set by the volume between the inlet of the dispersed phase and the exit of the bypass.
The droplet volume hence predominantly depends on the geometry of the device and not on
the flow rates.

shallow slit

FIG. 1. (a) Design of a fixed-volume droplet generator. (b)-(d) Micrographs showing a formation cycle. (b) The dispersed
phase injected at a rate, ¢,, flows into the main channel and blocks it, such that the continuous phase, introduced at a rate,
4., flows around the forming droplet through the bypass. The back of the forming droplet stays at the same location in the
T-junction until the front blocks the exit of the bypass (c) resulting in the rapid collapse of the back and the release of a
droplet (d). See also the movie in the supplementary material.'" (e)-(h) Multilayer design of the fixed-volume droplet gen-
erator: the bypass is connected to the main channel (depth: /) through a shallow slit (depth: Agy < £).
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The role of the connecting channels between the bypass and the main channel is to ensure
that the continuous phase is able to flow around forming droplets. Except for short bypasses,
the exit of the bypass is still blocked by the preceding droplet when a new droplet starts to
grow. Without the connecting channels, this droplet breaks prematurely (see supplementary ma-
terial'"). The connecting channels are hence essential. Besides the planar design shown in Figs.
1(a)-1(d), we also introduce a multilayer design in which the bypass is connected to the main
channel through a shallow slit (Figs. 1(e)—1(h)). Guidelines for the optimal design of the droplet
generator based on the physics of droplet formation are provided in the supplementary material
together with the AutoCAD drawings for the planar devices."'

To show that the size of the droplets is determined by the geometry of the droplet generator,
we created water droplets in oil and measured their size in three different devices. The devices
were fabricated in PDMS'? with different distances, L,, between the inlet of the dispersed phase
and the exit of the bypass channel. The length of the droplets, L, as measured from our micro-
graphs, agrees with this distance, as shown in Fig. 2(a). The slight dependence of the size of the
droplets on the ratio of the flow rates arises from the fact that the duration of the final part of the
formation cycle (Figs. 1(c) and 1(d)) depends on the flow rate of the continuous phase; this can
be mitigated by minimizing the local volume at the inlet of the dispersed phase.

To further demonstrate that the volume of the droplets primarily depends on geometry, we
produced aqueous droplets of different viscosities (1 mPas—53 mPas) in two different types of
carrier oils. As expected based on the physics of drop formation in classic T-junctions,® these
experiments show that the size of droplets produced with our fixed-volume droplet generator is
indeed independent of the fluid properties as long as the capillary number is below ~0.01 (see
Fig. S4 in the supplementary material''). The fixed-volume droplet generator can hence be used
for aliquoting different types of samples—a feature of particular importance to, for example,
point-of-care diagnostic applications.

Because the droplet size is nearly constant, the frequency, f, at which droplets form can be
tuned by adjusting the flow rate of the dispersed phase. The time, Af, needed to form a droplet
equals the volume of the droplet (V ~ Lwh) divided by the rate at which the dispersed phase is
injected. Hence, f = 1/At = q4/V = qq4/Lwh. This simple prediction agrees well with the fre-
quency observed in experiments as shown in Fig. 2(b).

B. Independence of drop size with respect to fluctuations in flow

The concept of the fixed-volume droplet generator can be used to produce droplets over a
large range of volumes, because the operating principle does not depend on the absolute size of
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FIG. 2. (a) Length of droplets as a function of the ratio of flow rates of the dispersed and the continuous phase. The length,
which is normalized by the width of the main channel, corresponds well to the distance between the T-junction and the
exit of the bypass channel (L) as indicated by the dashed lines. (b) The formation frequency of the data corresponding to
(a) is proportional to the ratio of the flow rate of the dispersed phase and the droplet volume (V' ~ Lwb). The standard devi-
ation of the length (a) and frequency (b) data are both below 1% for all data points. Geometries and conditions:
(W, wy, wp, ) = (100, 25, 150, 42) um and g. = 240 ul/h for L, = 800 um and L, = 500 um, and (w, w;, wy,, h) = (100, 25,
150, 24) um and g. = 500 ul/h for L, = 300 pm.
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the channels, provided the capillary number is small. We verified this hypothesis by using
scaled versions of the fixed-volume droplet generator, with main channels that were 4x smaller
(25 pm) and 4x larger (400 um) than the 100 um wide channel shown in Fig. 2(a). Droplets as
small as 50 pl were produced in the 25 um wide channels, while the 400 yum wide channels
allowed the production of droplets well over 300000 pl (0.3 ul) in volume. While the devices
containing the 25 yum and 100 um wide channels were made out of PDMS as described before,
the 400 um wide channels were made in polycarbonate (PC) with the bypass channel in the
form of a slit that is less deep (hg;) than the surrounding channels (Fig. 3(a)).

Further characterization of the performance of the fixed-volume droplet generator was per-
formed in these PC devices. To study the sensitivity of the volume of the droplets to the flow
rates, we systematically varied these rates and compared the measured length of the droplets
with a reference length. Deviations from this length are smallest for comparable flow rates of
the dispersed and the continuous phase (¢s/g. ~ 0.5) and systematically increase when depart-
ing from this ratio, as shown in the map in Fig. 3(b). The main conclusion from this map is
that deviations of less than 5% were found for a wide range of combinations of flow rates.
Hence, within this window of operation, the droplet generator ensures a nearly constant drop
size irrespective of the flow rates.

The fixed-volume droplet generator can hence be used to minimize the influence of tempo-
ral fluctuations in the flow rates on the uniformity in droplet size. To illustrate this, we compare
the droplet size distribution obtained in a fixed-volume droplet generator with the size distribu-
tion obtained in a classic T-junction, which consists of branches of equal width, w (see inset
Fig. 3(c)). These experiments were done simultaneously by injecting the continuous phase into
the two devices using a single syringe pump loaded with two syringes. The dispersed phase
was injected into the devices in a similar fashion using a second syringe pump. This ensures
that the fluctuations in flow rates arising from the periodic mechanism of the syringe pumps'®
are the same for both devices. As expected, the size of the droplets is much more uniform in
the fixed-volume droplet generator as compared to the classic T-junction device (Figs. 3(c) and

3(d)).

C. Gravity driven systems

The ability to produce monodisperse droplets even if the flow rates change in time allows
the construction of simple and robust systems for generating droplets of precisely defined
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FIG. 3. (a) Multilayer variant of a fixed-volume droplet generator in which the bypass channel is connected to the main
channel through a shallow slit. (b) Map of the flow rates of the continuous and dispersed phase showing the deviation of
the measured length of the droplets from the reference length (L) = 9w. (c) Time-series of the relative drop size and corre-
sponding histogram for a fixed-volume droplet generator (blue dots) and a classic T-junction (red dots). The conditions are
indicated by the circle in (b). The average droplet length in the fixed-volume droplet generator and classic T-junction were
(L) = 8.2wand (L) = 3.6w respectively. (d) Same as in (c) with conditions indicated by the square in (b). The average length
is (L) = 10.9w for both cases. Geometries: fixed-volume droplet generator (w, w;, wp, h, hgir) = (400, 100, 600, 200, 100) pm,
classic T-junction (w, i) = (400, 200) pm.
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volumes in point-of-care or in-field settings. Simple sources to drive fluids through channels
include centrifugation, gravitation, or suction (syringe vacuum'®). Here, we demonstrate gravity
driven systems for the production of water-in-oil droplets in a fixed-volume droplet generator.
Oil (2% (w/w) solution of Span-80 in hexadecane) and distilled water are supplied from two
separate reservoirs such that their flow rates are proportional to the height difference between
the free surfaces in the reservoirs and in the waste container. We used a wide reservoir for the
oil, such that the height difference, H., does not change appreciably during draining (Fig. 4(a)).
By contrast, water was supplied from a tall and narrow (ID=0.79 mm) reservoir such that the
height difference, H,, changes from 42 cm to 9 cm over the course of the experiment. We meas-
ured both the length of the droplets, L, and the distance between them, D. While the large vari-
ation in D reflects the ~10-fold variation of the ratio of flow rates, the length of the droplets is
constant within 8% of the average value (Fig. 4(b)).

An extension of the setup described above enables the production of monodisperse droplets
comprising a gradation of solute concentration. This is accomplished by merging a solvent
stream with a miscible stream carrying the solute, before this mixture is emulsified using a
fixed-volume droplet generator (Fig. 5(a)). The streams were merged in a T-junction on a sepa-
rate chip such that the concentration of solute in the mixture, C, depends on the flow rates of
the streams. The flow rate of the solvent stream is nearly constant during the experiment,
because it is supplied from a wide container. By contrast, the stream carrying the solute is
delivered from a tall and narrow reservoir, resulting in a continuously decreasing flow rate.
Consequently, the concentration of solute in the mixture decreases in time, with successive
droplets. This concentration, C, depends on the undiluted concentration, Cp,x, and the flow rate
of solvent, ¢4, and solute, ¢a2 : C/Cmax = qaz/(qa1 + qa2). These rates, in turn, depend on
the pressure heads (P4, Ps;) of the two liquids and on the hydrodynamic resistances of the
capillaries: qs1 = (Py1 — Pr)/Ra1, qao = (Pa» — Pr)/Rap, with Ry and Ry, the resistances of
capillaries for solvent and solute, respectively. The pressure difference between the T-junction
and the waste, Py, depends on the total flow rate according to ¢u1 + ¢a2 + g = Pr/Rr, where
Ry is the resistance of the device behind the T-junction. These equations combine to the follow-
ing expression for the concentration of solute: C/Cpax = [Pa2(Ra1 + Rr) — RrPa1 — RinRrq.]/
[PiaRast + PyiRa» — (Rt + Rap)Rrq.]. The pressure heads of the two liquids can be estimated
as: Py1 = pp1gHar, Pin = pppgHapn, where py,, p,o are densities of the liquids and g is the gravi-
tational acceleration. The cross-sectional area of the solvent reservoir is large in comparison to
that of the solute, such that H,; is nearly constant. Hence, all terms except P, in the expression
for C are constants and the expression simplifies to C(Hz2)/Cmax = (AHz2 + B)/(DHap2 + E),
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FIG. 4. (a) Gravity-driven system for the generation of monodisperse droplets. The continuous phase (CP) is supplied from
a wide container such that the rate is constant over the course of the experiment. By contrast, the dispersed phase (DP) is
supplied from a tall and narrow container such that the flow rate significantly decreases with time. (b) While the distance
between droplets significantly increases over the course of the experiment (blue diamonds), the length of the droplets (red
circles) is nearly independent of the pressure head, H,. The error bars indicate the standard deviation obtained by measuring
the length and distance of at least 10 droplets.
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FIG. 5. (a) Setup for the facile generation of monodisperse droplets containing a solute (ink), whose concentration gradu-
ally decreases with time, that is, for successive droplets. Prior to emulsification, a concentrated stream of ink (Cpax) Sup-
plied from a tall and narrow container (DP2) is diluted by mixing it on a separate chip with a stream of solvent supplied
from a wide container (DP1). The concentration of this mixture, C, continuously decreases due to a decreasing flow rate of
the solute stream caused by a decrease in the pressure head Hy,. (b), (c) While the length of the droplets is nearly constant
(b), the concentration of ink in the droplets (c) depends on H,, according to C(Hz2)/Cimax = (AHup + B)/(DHyp + E), with
A, B, D, and E constants, as shown from the excellent agreement between the experimental data and the fit (solid line). The
error bars indicate the standard deviation obtained by measuring the length and concentration of at least 10 droplets.

where A, B, D, and E are constants. We performed an experiment with water as the solvent, a
5% (w/w) aqueous solution of ink (solute), and a 2% (w/w) solution of Span-80 in hexadecane as
the continuous phase. We measured the length of the droplets and the median brightness in the
center of the droplets. The concentration ratio C/Cy,, was calculated from the intensities using
the Lambert Beer equation. Whereas the length of the droplets is nearly constant over the course
of the experiment (Fig. 5(b)), the ink concentration decreases as shown in Fig. 5(c). The excellent
match between the measured concentrations and the fit (solid line) forms the basis for designing
simple chips that do not require power for generating flow, and are capable of executing intricate
assays in the field.

D. Parallelization

The fixed-volume droplet generator also provides an advantage for the parallelization of
droplet generation. A challenge in parallelization is the equal distribution of fluids to the indi-
vidual junctions where the droplets are produced.'> Small differences in hydrodynamic resist-
ance of the channels that connect the inlet of the phases to the different junctions lead to differ-
ences in the flow rates. For an array of classic T-junctions, minimizing these flow differences is
essential, because non-uniformities in flow lead to the production of droplets of different sizes
at the different junctions. This puts strict requirements on the fabrication tolerances. Since the
volume of droplets produced at a fixed-volume droplet generator is decoupled from the flow
rates, a precise flow distributor is not needed, which simplifies device fabrication. We show
this by comparing the size of droplets produced in an array of classic T-junction (Fig. 6(a)) and
in an array of fixed-volume droplet generators (Fig. 6(d)). To demonstrate that the array of
fixed-volume droplet generators does not require a precise flow distributor, we intentionally
supplied fluids at different rates to the junctions by designing the chip such that the length of
the channels between the shared inlets of the two phases and the junctions is not the same.
Based on this design, the flow rate of the continuous phase is largest at the first junction and is
systematically smaller in junctions two to five. The opposite is true for the flow rate of the dis-
persed phase. This unequal flow distribution leads to the generation of the smallest droplets at
the first classic T-junction and the largest droplets at the fifth, as shown in Figs. 6(b) and 6(c).
By contrast, no systematic variations were observed in the array of fixed-volume droplet gener-
ators (Figs. 6(e) and 6(f)). This demonstration shows that the fixed-volume droplet generator
may be used to alleviate, or minimize, the flow distribution problem in the parallel generation
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FIG. 6. Comparison between droplets produced in parallel at T-junctions (a)—(c) and fixed-volume droplet generators
(d)—(f). Unequal flow distribution to the five junctions results in unequal sized droplets when using T-junctions, whereas
the size is nearly the same when using fixed-volume droplet generators. The error bars indicate the standard deviation
obtained by measuring the length of at least 10 droplets. Conditions: g; = 1000 ul/h and ¢, = 250 ul/h (circles and micro-
graphs), g. = 500 ul/h (squares), ¢, = 750 ul/h (triangles). In the case of g, = 250 ul/h, frequencies of generation of drop-
lets in succeeding channels were: f=(0.46, 0.45, 0.45, 0.46, 0.46) s~ for T-junctions, f=(0.35, 0.35, 0.37, 0.36, 0.36) 5!
for fixed-volume droplet generators; volume fractions estimated as L/(L + D): ¢ =(0.82, 0.81, 0.85, 0.85, 0.86) for
T-junctions, ¢ = (0.83, 0.86, 0.85, 0.84, 0.85) for fixed-volume droplet generators. A detailed design of the devices is pro-
vided in the supplementary material."’

of droplets, simply because the flow distributor can be omitted. Such parallel systems may be
used for high-throughput formulation of monodisperse emulsions or in analytical applications.'®

lll. SUMMARY

We have introduced and characterized a novel type of droplet generator for the production
of microdroplets that have a volume depending primarily on the geometry of the droplet gener-
ator. We have shown that decoupling droplet volume from flow rates ensures the formation of
monodisperse droplets even when the rates fluctuate in time.

We have provided three examples that demonstrate the utility of this fixed-volume droplet
generator: (i) to minimize the influence of flow rate fluctuations on the volume of droplets pro-
duced, (ii) to form more monodisperse drops in parallel systems, and (iii) to design gravity-
powered systems that produce monodisperse droplets of either constant or predetermined varia-
tion of solute concentration.

The fixed-volume droplet generator makes it possible to vary the volume, velocity and gener-
ation frequency of droplets independently. With the volume fixed by the geometry of the droplet
generator, the velocity and frequency can be tuned with the flow rates of the continuous and dis-
persed phase. This should be useful for systematic studies of the hydrodynamics of droplet-based
microfluidics as well as for the optimization of biochemical reactions in lab-on-a-chip microflui-
dic devices.
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