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ation. Water droplets were formed in oil in a PDMS T-junction and subsequently stored.
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Droplet volume reproducibility and stability were investigated from acquired micrographs.
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By theoretically analyzing the inﬂuence of the mean volume of a population of droplets
on the estimation of nucleation rates, we have shown that deviations in mean volumes
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can seriously affect the estimates, unless such deviation is smaller than 10%. This condi-

T-junction

tion is fulﬁlled if experiments are repeated using the same microdevice. Measured droplet

Droplet volume

polydispersity remained low enough to treat the droplets as monodisperse. Immersing the

Droplet shape

microdevice in a water bath mitigates solvent evaporation, and allows for very accurate

Reproducibility

temperature control. Finally, a screening procedure was used to select the ideal operating

Evaporation

conditions to obtain droplets with the desired sizes. Applying this method in devices with

Nucleation

increasing T-junction cross sectional area, we have demonstrated a scaling-up of droplet
volumes close to an order of magnitude while tuning the droplet shape, i.e., the average
length to width ratio, at values between 1 and 1.2.
© 2018 The Authors. Published by Elsevier B.V. on behalf of Institution of Chemical
Engineers. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

1.

Introduction

Nucleation is considered the most critical step in crystallization processes, because it impacts several crystal properties,
including crystal size distribution and polymorphism. Both
of these characteristics are very important for downstream
processes and decisive in drug development. Nucleation is
known to have a stochastic nature (Kulkarni et al., 2013; Goh
et al., 2010; Kubota, 2015). This characteristic poses challenges
to obtaining reproducible experimental data, and therefore
numerous identical experiments are essential to correctly
build probability distributions for studying the stochastic
behaviour of primary nucleation. Crystal detection times, as
well as nucleation times, tN , are volume dependent; in particular tN ∝ 1/JV, where J is the nucleation rate and V is the

∗

volume of the crystallizer (Kubota, 2015). Besides carrying
out numerous experiments, reproducibility of volumes is also
fundamental to avoid introducing further variability in the
probability distributions associated with the repeated nucleation measurements. If this is achieved, robust statistics can
be obtained and nucleation mechanism and kinetics can reliably be determined.
Droplet-based microﬂuidic systems have attracted attention in recent years as a promising platform to study primary
nucleation (Teychene and Biscans, 2011; Laval et al., 2009;
Hammadi et al., 2013). In such platforms, hundreds of droplets
with volumes ranging from picoliters to microliters can be
produced; since each droplet constitutes an independent crystallizer, many experiments under the same conditions can be
performed simultaneously.
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The volume of a single droplet is determined by the mode of
droplet formation and the geometry of the junction at which
the two ﬂuids meet. T-junctions are very commonly used to
create droplets and emulsions in microchannels due to their
simplicity and ease of on- and off-chip integration.
The mechanism of droplet formation in a T-junction has
been examined experimentally and numerically in a number of studies. Several parameters have been explored: ﬂuid
properties, e.g., viscosity and interfacial tension between dispersed and continuous phases; microdevice geometry, such
as dispersed and continuous phases inlet channel’s widths
and heights; and operating parameters, such as ﬂow rates
and ﬂow rate ratios (Garstecki et al., 2006; de Menech et al.,
2008; Christopher et al., 2008; Wehking et al., 2014; Xu et al.,
2008; Fries and von Rohr, 2009). To date, four different mechanisms of droplet break-up have been identiﬁed: squeezing,
transient, dripping and jetting regimes. Studies by Garstecki
and De Menech (Garstecki et al., 2006; de Menech et al., 2008)
show that for capillary numbers, Ca, lower than 0.01 (with
Ca = vc /, where  and vc are the viscosity and superﬁcial velocity of the continuous phase, respectively, and  is
the interfacial tension between ﬂuids), droplets form in the
squeezing regime, where the break-up of droplets arises from
the pressure drop across the emerging droplet and that the
normalized droplet size appears to be dependent solely on the
ﬂow rate ratio. Yet, Christopher et al. (2008) performed experiments with Ca in the range of 0.005–0.3 and observed that
the size of droplets always depends on Ca number, ﬂow rate
ratios and channel geometry. In general, droplets are seen to
be formed in the dripping regime when Ca > 0.01, where the
shear forces break-off the droplet before it ﬁlls the channel (de
Menech et al., 2008; Wehking et al., 2014; Xu et al., 2008). Jetting is observed at very high ﬂow velocities or when interfacial
tension between ﬂuids is very low value, i.e., at high values of
Ca (Gupta and Kumar, 2010). The transient regime (intermediate state between squeezing and dripping) was observed by
Xu et al. (2008) for 0.002 < Ca < 0.01, where droplet break-up is
a result of both the pressure drop across the droplet and the
shear stresses.
Most of these contributions have proposed scaling laws
extending the pioneering work of Garstecki et al. (2006), and
have included power-law dependencies of the droplet size on
the capillary number. These simple empirical rules serve as
guidance to construct microﬂuidic devices, but are not suitable to be used as means to predict droplet volumes with
the accuracy required for nucleation studies. The inconsistencies among different sources indicate that exact control of the
droplets’ size still poses great difﬁculties.
All the above-mentioned studies as well as many studies of crystallization in droplets (Laval et al., 2009; Ildefonso
et al., 2012) use poly-dimethilsiloxane (PDMS) microdevices.
PDMS enables rapid prototyping, easy replication, and visual
access to the droplets, which has made it one of the most
actively developed polymers for microﬂuidics (McDonalds and
Whitesides, 2002). However, PDMS has a few disadvantages for
crystallization applications, including, solvent incompatibility, low thermal conductivity, gas permeability (it may allow
droplet evaporation) and low resistance to deformation under
ﬂow.
Being aware of the challenges for droplet volume reproducibility and stability imposed by the use of PDMS, the
current work characterizes the shapes and volumes of
droplets generated in PDMS T-junctions and assesses the use
of this type of microﬂuidic device to generate droplets suit-
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able for the study of nucleation. In this regard, we start by
theoretically analyzing the effect of droplet volume variability on nucleation processes. Assuming variability of droplet
polydispersity and of mean volumes among different populations of droplets, we quantify the uncertainty on the estimate
of the nucleation rate. The theoretical ﬁndings are then used
to assess whether droplets generated in a PDMS T-junction
meet the criteria required for nucleation studies and to deﬁne
experimental conditions where the inﬂuence of the experimental volume variability on the nucleation rate uncertainty
is minimized. We construct a PDMS microdevice for droplet
generation and storage, allowing us to quantify the volumes of
generated droplets from images. We ﬁrst screen various ﬂow
rate combinations to obtain a desired droplet shape. These
conditions are used to quantify the reproducibility of droplet
volumes in the same microdevice and its replicas. We assess
the stability of stored droplets over time and temperature and
propose a simple method to minimize evaporation. Finally, the
scalability of droplet volume while maintaining its shape is
analyzed in devices of three different sizes. Thus we establish
an experimental methodology to study reliably nucleation in
droplets with the use of PDMS microdevices.

2.
Theoretical analysis of nucleation rate
estimates from microﬂuidic experiments
We develop in this Section a theoretical analysis of how the
distribution of droplet volumes affects the nucleation process
and the estimate of the nucleation rate. First, in Section 2.1, we
provide the basic statistical background for the analysis. Then,
in Sections 2.2 and 2.3, we separately discuss two cases of
interest for applications. For each case, we conduct a detailed
analysis of the behavior of the nucleation time distribution
and provide an expression for calculating the uncertainty on
the estimate of the nucleation rate.

2.1.
Droplet volume distribution and nucleation time
distribution
Droplet-based microﬂuidic platforms are important tools to
investigate stochastic phenomena; they not only yield high
data throughput, but also reduce the experimental variability, since several tests can be performed simultaneously from
the same stock solution. However, the droplets formed in the
same device and at the same conditions are not monodisperse,
but rather form a distribution, fV , around a mean value, V ,
with a certain variance V2 . Different distributions have been
used to model experimental data; our data could be described
well by the gamma distribution, as also in previous literature
(Prileszky et al., 2016), whose functional form depends on the
parameters ˛ and ˇ in terms of functions of V and V2 :
fV (V) =

ˇ˛ V (˛−1) exp(−ˇV)
(˛)

(1)

Based on the deﬁnition of the coefﬁcient of variation,
=  V /V (also known as polydispersity), the two parameters are ˇ = 1/(V 2 ) and ˛ = 1/ 2 . The ensembles of droplets
obtained in different devices are generally characterized by
different values of V and V2 .
An important application of microﬂuidics is the generation of droplets and to perform nucleation time experiments,
from which nucleation rates are estimated (Izmailov et al.,
1999; Goh et al., 2010; Kulkarni et al., 2013). In fact, because of
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the stochastic nature of nucleation, every series of nucleation
experiments exhibits distributed nucleation and detection
times (Maggioni and Mazzotti, 2017; Maggioni et al., 2017),
thus requiring a large number of data points to build representative statistics for the estimation of reliable nucleation
rate parameters. Based on the description of isothermal primary nucleation as a Poisson process, the time at which the
ﬁrst nucleus forms (i.e., the nucleation time, tN ) is a stochastic
variable (Maggioni and Mazzotti, 2015; Brandel and ter Horst,
2015) and its cumulative probability, P(tN ), is:
P(tN ) = 1 − exp(−JVtN )

(2)

where J is the nucleation rate at the relevant temperature and
supersaturation conditions, and V is the volume of the crystallizing solution, e.g., a microdroplet. Note that the product
JV in Eq. (2) represents the frequency associated to the Poisson
process (Goh et al., 2010).
If the volume V is a distributed variable, while the nucleation rate is a physical property of the given operating
conditions, one can deﬁne the “expected” distribution of tN ,
P̂, as:


P̂(tN ) =

∞

(1 − exp(−JVtN ))fV (V)dV

(3)

0

Fig. 1 – Probability of nucleation times. Plot of probabilities
considering nucleation times and volumes as being
distributed parameters. The coefﬁcient of variation, , is
varied from 0.03 up to 0.15 (respective probabilities are
plotted in red), which yields values of  2V between
3.24 × 10−24 and 3.24 × 10−22 m6 , and values of ˛ and ˇ from
1.11 × 103 to 11.1 and from 1.85 × 1013 to 1.85 × 1011 m−3 ,
respectively. The dashed black line represents the
probability of nucleation if the volume distribution is a
Dirac delta function centered in V = 10−11 m3 . For both
processes, the nucleation rate J = 107 m−3 s−1 was used.

In the case fV is given by the gamma distribution of Eq. (1),
the integral in Eq. (3) reads:
ˇ˛
P̂(tN ) = 1 −
˛
(JtN + ˇ)

(4)

In the case fV is given by the Dirac delta distribution centered in V , i.e., fV (V) = ı(V − V ), the integral in Eq. (3) reads:
P̂(tN ) = 1 − exp(−JV tN )

(5)

Finally, we recall that one can estimate any continuous
cumulative distribution function associated to a stochastic
variable, such as the one reported in Eq. (2), using the empirical cumulative distribution function (eCDF). The eCDF, built
using the N experimental points, is affected by an inherent
uncertainty, which can be arbitrarily reduced by increasing N;
thus, the eCDF converges to the actual distribution function
for N → +∞ (Ross, 2014). The inherent uncertainty, measured
as the Chebyschev distance DN between the estimated distributions and the actual distribution, is a function of N and of
the conﬁdence level, C. It can be estimated from the DKW-M
inequality (Massart, 1990; Maggioni et al., 2017), and reads:


DN =

1
ln
2N

 2 
1−C

(6)

In the following, we will use a conﬁdence level C = 0.95; a
detailed discussion on the effect of varying C can be found
elsewhere (Maggioni et al., 2017).

2.2.
Effect of droplet polydispersity on nucleation rate
estimate
Let us consider the general case, in which droplets are produced in a single microﬂuidic device. Droplets formed in this
manner are distributed and form a population, as we show in
the experiments reported in Section 4. We analyze the effect

of the polydispersity on the behavior of the nucleation probability, P̂(tN ), reported Eq. (4).
To this aim, we simulate how the nucleation probability
changes when one considers populations of droplet with the
same mean volume, V = 10−11 m3 , but varying variance, V2 ,
which corresponds to values of between 0.03 and 0.15. It is
worth noting that in our experiments reported in Table 3 and
illustrated in Fig. 9, the average droplet volume is in the range
9–10 nL, whereas their coefﬁcient of variation is about 0.03.
The nucleation time distributions, P̂(tN ), obtained with these
parameters are plotted in Fig. 1. In this ﬁgure, it is clear that the
polydispersity of droplets – in the range of values considered
– does not affect the distribution of nucleation times strongly.
In fact, for values of up to 0.15, P̂(tN ) distributions (red lines
in Fig. 1) do not differ signiﬁcantly from P(tN ) computed at the
same value of V (black dashed line in Fig. 1; note also that this
coincides with P̂ when the volume distribution, fV , is modelled
as a Dirac delta function centered in V ).
The decrease on P̂ values, for increasing values of , is due
to the fact that the gamma distribution has a positive skewness, which increases with . The higher the skewness, the
bigger is the weight of small volumes in the distributions fV .
On the contrary, when the skewness is lower, the distribution
is more symmetric; the volume values larger and smaller than
the mean compensate with each other, hence, the mean volume represents well the collective behavior of the population.
However, a relatively small deviation in P̂ may yield a significant error in the estimate of nucleation rates. In fact, similar
empirical cumulative distributions (eCDF) of detection times
yield rather different nucleation rate estimates (Maggioni
et al., 2017). In this work, we quantify the intrinsic uncertainty
of empirical cumulative distribution functions when volumes
are distributed, and how this uncertainty affects the estimate
of the nucleation rate. To this aim, let us consider the two
cumulative distribution functions corresponding to the values of the nucleation rates J and J , P̂(tN ; J) and P̂(tN ; J ), and the
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same volume distribution, and deﬁne the relative change of
nucleation rate, , with respect to a reference J as:
=

J − J
J

(7)

Using Eq. (4), the difference between the two distributions is
given by:
P̂(tN ) =

ˇ˛
ˇ˛
−
˛
˛
(J tN + ˇ)
(JtN + ˇ)

(8)

∗,
Such difference is maximum at the stationary point, tN
where dP̂/dtN = 0, i.e., at:
∗
tN
=

ˇ(1 − )
J ( −  − 1)

(9)

˛

( + 1 − 2 ) − ( + 1 − )
˛
()

Clearly, one could characterize each droplet population,
measuring its mean V and coefﬁcient of variation , in each
nucleation experiment. However, such a procedure is tedious
and time-consuming, since it requires to collect, store, and
analyze a large amount of data. On the contrary, it would be
much more convenient to estimate the nominal values V 
and  of a speciﬁc T-junction, at given operating conditions,
using only few droplet populations. The actual values of each
experimental series will be distributed around such nominal
values. Thus, we develop a method to account for how such
uncertainty affects the estimate of the nucleation rate.
Let us ﬁrst deﬁne the relative change of the product JV
with respect to the reference value J V :
=

JV − J V
= ( + 1)(ω + 1) − 1
J V

(11)

where  is given by Eq. (7), and ω is the relative change of the
mean volume with respect to its nominal value, V :

where  = ( + 1)1/(˛+1) .
Substituting Eq. (9) in Eq. (8), yields:
∗
P̂(tN
)=
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˛

(10)

For an eCDF constructed with N experiments, i.e., number of droplets that have nucleated, the uncertainties on the
nucleation rate estimate, corresponding to Eq. (7), are obtained
∗ ) to ±D (from Eq. (6)) and by solving Eq. (10)
by equating P(tN
N
for , thus obtaining the values + and − associated to +DN and
−DN , respectively. Note that + > 0 > − , with |+ | > |− |, and that
+ and − become larger when increasing (Maggioni et al.,
2017).
In Fig. 2(a), the values of + and − are plotted as a function
of the number of points, N, and of the polydispersity, , up to
0.15 (red curves). The curves in black are the corresponding
values (labelled as V ) for monodisperse distribution of volumes centered in V . The inﬂuence of polydispersity on the
conﬁdence intervals of J appears to be quite small, as demonstrated by the absolute difference between  and V , plotted
in Fig. 2(b). Therefore, the polydispersity of a population of
droplets formed in a single microdevice is not a critical parameter for the estimation of nucleation rates.

2.3.
Effect of uncertainty in mean droplet volume on
nucleation rate estimate
Volumes of droplets produced in microdevices can vary not
only among one another (i.e., being polydisperse), but also different populations of droplets can have different mean and
different variance among one another. The latter case occurs,
for instance, when one reﬁlls the same microdevice (or different microdevices), hence producing different populations.
The case of polydispersity and its inﬂuence on the nucleation rate has already been discussed in Section 2.2. Since the
polydispersity is not a limiting factor, as reported above, we
assume here for the sake of simplicity, but without loss of generality, that the populations of droplets are monodisperse (i.e.,
= 0). We consider the experimental variability, which leads
to the formation of populations characterized by a different
mean, V . Note that if the values of V were continuously distributed, the conﬁdence intervals  would be similar to those
obtained for the polydisperse system, reported in Fig. 2. Here
however, we discuss the case when only a relatively small
number of droplet populations is measured, as it typically
occurs in experiments.

ω=

V − V
V

(12)

A population of droplets can have an actual mean volume
larger or smaller than the nominal value associated to a speciﬁc T-junction. Therefore, the value of ω in Eq. (12) can be
either positive or negative. Moreover, one can assume that
the difference between the nominal and the actual values
represents an error, which we model as normal-distributed
(Ross, 2014) with zero mean and variance equal to the square
of the coefﬁcient of variation. Thus, we aim at characterizing the effects of the uncertainty on V on to the behavior of
the nucleation probability and, ultimately, to the estimate of
the nucleation rate and its conﬁdence intervals, . To achieve
this goal, we consider the nucleation time distribution, P̂(tN ),
deﬁned in Eq. (5) (the populations are monodisperse), with V
itself a distributed quantity.
To study the inﬂuence of ω on the nucleation rate estimate,
one must compute the values of : the case of distributed values of V (considered here) follows a procedure similar to that
detailed in Section 2.2, which led to Eq. (10). First, one considers two different cumulative probability functions, P(tN ;JV )
and P(tN ; J V ), where both the nucleation rate and the mean
volume vary with respect to their expected values, J and V ,
respectively. Then, one calculates the difference between the
two previous probabilities, P(tN ), and identiﬁes its station∗ . Note that the obtained expression of P(t ∗ ) is
ary point, tN
N
identical to that in Eq. 16 of our earlier paper (Maggioni et al.,
2017):
∗
P(tN
)=

(1 + )

1+1/



e

(13)

where e is the Euler number; the linearized form of Eq. (13) is
valid for small values of . For a series with N experiments,
∗ ) either to the positive
one obtains + and − , by equating P(tN
or to the negative value of DN (Eq. (6)), respectively. From Eq.
(11), one obtains  as:
=

−ω
1+ω

(14)

Since the value of V is also not known, as we discussed above,
we consider two values of ω, indicated as ω± and equal to +
and − , respectively. This procedure yields four values of ,
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Fig. 2 – Uncertainty of nucleation rate estimates. (a) Plot of the relative conﬁdence intervals, , as function of number of
points, for gamma distributed volumes and different values of (increasing from 0 up to 0.15, with the shades from black to
red). (b) Plot of the absolute difference between  and V , as function of the number of points.  is computed at arbitrary
values of ∈ [0.03 : 0.15], while V at = 0.
In the following, we will present an experimental study of
droplet formation, where we analyze how narrow and accurate the droplet volume and size distributions obtained in a
microﬂuidic device can be.

Fig. 3 – Uncertainty of nucleation rate estimates. Plot of the
relative conﬁdence intervals, + and − , as function of
number of points, for ı-distributed volumes and with |ω|
increasing from 0 up to 0.10 (shades from black to red). (For
interpretation of the references to color in text/this ﬁgure
legend, the reader is referred to the web version of the
article.)

of which the largest, + , is given by the combination ( + , ω− ),
and the smallest, − , by the combination ( − , ω+ ). Such values,
i.e., + and − determine the upper and the lower bounds of
the conﬁdence interval (see Eq. (7)) of the nucleation rate J ,
estimated from the eCDF of the nucleation times.
Fig. 3 illustrates how the uncertainty of the nucleation
rate estimate changes for different values of |ω|, in the range
between 0 and 0.10, represented by the curves shaded from
black to red. Such range of |ω| values has been chosen based
on the experiments reported in Table 3 and illustrated in Fig. 9,
where the average of the mean volumes of ﬁve populations of
droplets produced in the same microdevice is 9.4 nL, and their
coefﬁcient of variation is 0.03.
As in the previous case analyzed in Section 2.2, the uncertainty  behaves asymmetrically, but now the deviation in
mean volume causes a signiﬁcant increment on the uncertainty of the nucleation rate estimates. Note also that the
values of  do not approach zero when N → +∞ (i.e., when
→ 0), but rather asymptotic values dependent on ω, namely
+ → − ω− /(1 + ω− ) and − → − ω+ /(1 + ω+ ).

3.

Materials and methods

3.1.

PDMS microdevices

Microdevices have been fabricated in PDMS via soft-litography
(see Supplementary Information for exact procedure) using
prepared SU-8 master molds on silicon wafer. For convenience, multiple molds of the same design were developed
onto the silicon wafer to enable fast replication. For instance,
a wafer for the design MD-250 is consisted of eight molds. Each
microdevice consists of a patterned PDMS layer, bonded onto
a glass slide, coated with a several-m thick layer of PDMS to
seal off the channels and provide a rigid base to handle the
device.
Fused silica capillaries were inserted into the openings to
obtain inlets and outlets. The patterned layer is depicted in
Fig. 4(a) and is divided in two zones: (i) the generation zone
(GZ), where droplets are produced in a T-junction via the
encounter of two immiscible phases, and (ii) the storage zone
(SZ), which is a long serpentine channel with constant crosssectional area that allows for the storage of a large number
of droplets, thus attaining a large sample size for nucleation
time experiments.
The T-junction, detailed in Fig. 4(b), has been designed
with several aims: (i) to produce droplets with the minimum
surface-area-to-volume ratio, i.e., with a spherical shape, (ii)
to produce stable droplets, i.e., droplets that do not coalesce,
neither while ﬂowing nor under stagnant conditions, (iii) to
produce droplets, which remain in contact with the walls in
all directions when the ﬂow is stopped, so as the droplet volume can be reliably calculated by measuring the sizes of a 2D
projected image.
In order to obtain droplets that have a spherical shape, the
ratio of the width of the dispersed phase inlet to that of the
continuous phase inlet, wd /wc was investigated. As previously
shown by Fries and von Rohr (2009), namely that by reducing wd /wc , the droplet length can be reduced, we varied this
parameter from 1 down to 1/5; an optimal value of this ratio
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Fig. 4 – Microdevice pattern design: (a) Example of a microdevice used for droplet generation (w = 250 m), where GZ stands
for droplet generation zone and SZ for droplet storage zone; (1) Continuous phase inlet (oil); (2) Disperse phase inlet (water);
(3) Outlet. (b) Magniﬁcation of the T-junction. (c) Design parameters applied to all microdevices.
was found to be 1/4. To allow for further decrease in droplet
length, the width of the continuous phase channel, wc , was
gradually widened by 25% after the T-junction. This increase
in channel size allows for the droplets to reshape, but it is
not too large so as deceleration and coalescence of droplets
are avoided. After the widening, the channel width, w, is kept
constant throughout the entire downstream serpentine until
the outlet. The angle between the water inlet and the oil inlet,
ˇ, has been shown to have minimum impact on droplet size,
hence it has been chosen to be a right angle. Moreover, the
aspect ratio of the channel height to the channel width, h/w,
has been designed to be smaller than one, so as the volume
of a droplet can be deﬁned by the channel geometry and by
the droplet length. The aforementioned design parameters are
represented in Fig. 4(c).
In order to investigate the scalability of the droplet volume
without changing the droplet shape, microdevices with three
different cross-sectional areas, i.e., three different channel
widths, w, namely 150, 250 and 350 m, have been manufactured with channel heights, h, scaled so as to maintain
constant aspect ratio h/w. The three different designs are from
now on referred to as MD-150, MD-250 and MD-350, according
to the nominal width. The design parameters, wd /wc , wc /w,
h/w and ˇ, were kept the same for the three different geometries.
The depths of the microdevice channels were obtained by
measuring the heights of the patterned molds on the silicon
wafer using a proﬁlometer (Bruker Dektax XT Proﬁlometer).
For each microdevice, the widths of the ﬁrst three empty
channels were measured under the microscope to serve as a
reference to assess whether channel deforms under ﬂow conditions. The average of the measured channel heights, h̄, and
their relative standard deviation, h /h̄, as well as the average
of the measured initial channel widths, wini , and of the aspect
ratio, h̄/wini , of the serpentine in each microdevice are given
in Table 1.
In general, each mold can yield many microdevices, and it
is usually assumed that such replicas are identical. In order
to assess the reproducibility in droplet volume when using

various replicas of the same microdevice, we have traced
the replicas throughout the study. The information of which
microdevice was used in one or more experiments is found in
Table 1, with the microdevice identiﬁer of the form D12 , where
the superscript indicates from which mold (among several on
one wafer) the microdevice was fabricated and the subscript
identiﬁes the microdevice replica.

3.2.

Experimental setup

The PDMS microdevices were placed in an aluminium water
bath with the purpose of stabilizing temperature in the storage zone, and of minimizing evaporation of water droplets
through PDMS. Between the bottom of the microdevice and the
inner surface of the water bath, a heat conductive paste (Fischer Elektronik, Thermal Compound) was smeared to ensure
that no air would be entrapped and heat transfer would be
effective. The water bath was placed on top of an aluminium
case plate containing the Peltier module (Laird, CP 2-127-06L, 62×62 mm). The temperature was controlled by means of
a Pt1000 sensor that was placed inside the aluminium case
plate, 1 mm above a Peltier module, which was equipped with
a PID controller (CoolTronic, TC-0806). In order to cool to low
temperatures, it was necessary to couple a water cooling heat
sink to the lower surface of the Peltier module. Temperature was also measured at different points inside the PDMS
microdevice at the channel level. Four to six sheathed thermocouples (Inconel 600 NiCr-Ni K-type ø0.5 mm) were inserted in
holes punched on the PDMS surface prior to its bonding with
the glass slide.
A polycarbonate sheet was mounted above the PDMS reactor. Water was ﬁlled up to the polycarbonate sheet level, to
make sure that during measurements with the microscope,
the water surface would remain even and no distortion would
affect the quality of the images. In addition, a dry-nitrogen
ﬂow distributor was installed on top of the setup to establish a
moderate gas ﬂow over the polycarbonate sheet so as to avoid
vapor condensation, without any effect on the temperature
inside the microdevices.
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Table 1 – Measured channel heights, h̄, and their relative standard deviation,  h /h̄, the measured initial channel widths,
wini , and the true aspect ratio, h̄/wini , of microdevices used in all experiments. Different experiments performed are
indicated in the table with abbreviations whose meanings are the following, SM: Shape map, S-U: Scale-up, T-J:
T-junction reproducibility, MR: Mold reproducibility, WR: Wafer reproducibility, St: Stability over time and ST, stability
over temperature.
Microdevice type

MD-150

MD-250

MD-350

h /h̄ [–]

wini [m]

h̄/wini [–]

139

0.004

142

0.014

221

0.003

225

0.036

215
228
221
233
227
228

0.008
0.049
0.005
0.047
0.036
0.011

285

0.037

279
280

0.011
0.007

162
166
167
259
258
258
262
253
255
261
257
260
257
255
259
354
358
356
348

0.86
0.86
0.85
0.85
0.86
0.876
0.86
0.89
0.88
0.82
0.89
0.85
0.91
0.89
0.88
0.81
0.80
0.78
0.80

Experiments

Microdevices

h̄ [m]

SM
SM
S-U, ST
SM, WR
WR
SM, WR
MR, WR
MR, WR
MR, WR
SM, WR
SM, WR
T-J, WR, S-U, ST
WR
WR
WR, St
SM,
S-U, ST
SM
SM

D11
D21
D22
D11
D12
D21
D22
D23
D24
D31
D41
D51
D61
D71
D81
D11
D12
D21
D31

Fig. 5 – Experimental Setup. (a) Photograph of the home made microﬂuidic setup. Numbers on both ﬁgures belong together.
(b) Sketch of the setup. The PDMS microdevice (1) is placed on the inner part of the aluminium water bath (2), smeared with
heat conduction paste beforehand. The water bath is placed on the top of an aluminium case plate (3) which contains the
Peltier module. The temperature is controlled via a Pt1000 element (4), T-C, inserted in the case. The water bath is ﬁlled with
water up to the polycarbonate sheet (5), which is used to obtain an even surface for image acquisition purpose. Nitrogen is
ﬂown (6) on top of the setup to avoid vapor condensation when working at low temperatures. Thermocouples (7), T-M1 and
T-M2, are inserted in holes punched on the PDMS surface prior to its bonding with glass.
The system was positioned under a zoom microscope
(Zeiss, AxioZoom.V16) equipped with a motorized stage.
Images were acquired using a high performance microscopy
camera (Axiocam 506 color); the optical resolution of the
images was 0.45 m/pixel. The experimental setup is shown
in Fig. 5.

3.3.

Experimental protocol

With reference to Fig. 4(a), droplets are created in PDMS
T-junctions by feeding immiscible ﬂuids with deﬁned ﬂow
rates using precision syringe pumps (Harvard Apparatus, Pico
Elite Plus). Ultrapure deionized water (Millipore, 18.2 M cm)

is used as dispersed phase and perﬂuorinated oil (3M, HT272) as continuous phase. The range of ﬂow rates used for
each microdevice geometry is given in Table 2, together with
the range of the continuous phase superﬁcial velocities (vc =
qc /(hwc )), which are calculated by the ratio between the continuous phase ﬂow rate, qc , and the T-junction cross-sectional
area.
After generation, droplets keep ﬂowing downstream
towards the outlet, thus ﬁlling the storage zone until the
equilibration time is reached. The equilibration time depends
largely on the ﬂow rates, i.e., at low ﬂow rates, the system
requires up to 30 min until uniform series of droplets are produced. Shortly thereafter, the three-quarter-turn ball valves
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Table 2 – Operating conditions.
Microdevice type

Flow rate dispersed phase
qd [L/min]

Flow rate continuous phase
qc [L/min]

Superﬁcial velocity
vc [cm/s]

MD-150
MD-250
MD-350

1.2–2.0
3.0–5.0
5.5–9.0

3.6–12
9.0–30
16.5–54

0.34–1.14
0.35–1.15
0.37–1.23

Fig. 6 – Image analysis. Photomicrograph of several droplets inside of the PDMS channels. Zoom: Droplet length and width
®
measurement using the image processing software written in Matlab .
(Swagelok, 1/16 in Tube Fitting) are closed and droplets come
immediately to a halt. Images of the static droplets are then
acquired and evaluated.
All experiments, unless otherwise stated, were conducted
in PDMS microdevices immersed in the water bath. Additionally, all experiments, except those aimed at observing the
stability of droplets over temperature (ST), were conducted
strictly at T = 24.5 ◦ C. In the ST experiments, droplets were still
formed at 24.5 ◦ C, but images were acquired after the temperature inside the channel reached 2.5 ◦ C. Due to the accuracy
of the thermocouples, all temperatures reported in this work
are accurate within 0.5 ◦ C.

3.4.

Droplet volume analysis

The dimensions of an individual droplet can be measured
using a 2D image captured from a static droplet monitored
in PDMS channels, such as that shown in Fig. 6.
However, obtaining accurate volume estimates based on
image analysis presents several challenges. Droplets formed
in the current T-junctions, at low ﬂow rates, do not ﬁll entirely
the cross-sectional area of the channel; therefore they are neither “plug”-like (i.e., rectangular cuboids) nor much smaller
than the channel (when they could be treated as spheres). The
droplets considered in this work are cylindroids with rounded
edges (1.01 ≤ L/w ≤ 1.2), where, as shown in Fig. 6, L is the
droplet length and w is the channel width; the latter coincides
with the droplet width, when the droplet is conﬁned by the
walls. Since the channel height is smaller than the channel
width, i.e., h < w, droplets as wide as the channel are conﬁned between its top and bottom walls, thus suggesting that
the droplets ﬁll the channel cross section. However, the channel corners would not be ﬁlled due to interfacial forces and
non-wetting properties of the dispersed-phase. Static droplets
tend, in fact, to reshape in such a way that the interface
attains a maximum curvature, indicating that droplets touch

the channel top/bottom and sides, and additionally that the
third dimension has a circular curvature to minimize surface
energy.
All the above considerations were taken into account in
concluding that the droplet was found to be best described
by the summation of a cylinder with an elliptic base (droplet
body) and two semi-ellipsoids (droplet caps).
To estimate the volume of a droplet in a rectangular channel as shown in Fig. 7(a), channel height, h, width, w and
droplet length, L, were used. Fig. 7(b) and (c) show the top
view and the cross section of the channels sketched together
with the droplet dimensions assumed. Lengths and widths
were measured from the micrographic images using an image
®
processing software written in Matlab (the exact proce-

Fig. 7 – Droplet volume representation. (a) A droplet of a
volume V = f (L, w, h) inside a rectangular channel with
given height h, and width w. (b) Top view image
representing an image acquired from microscopy. The
droplet is characterized by two caps, with a radius of
curvature a, and a central body, with a height, Lc . (c) Cross
section of the channel. The droplet cross sectional area is
characterized by an ellipse and its semi-axes b and c.
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dure is described in the Supplementary Information), whereas
heights were measured directly on the silicon wafer patterns.
Although widths can be speciﬁed for each design, we have
measured them from the micrographs as well, in order to
make sure that the channel deformation remains within 5% of
the initial channel width, wini . The volume of a generic droplet
given by an elliptic cylinder having a central body height, Lc ,
plus two semi-ellipsoids with a radius of curvature a, can be
calculated as follows:
V = 2Vcap + Vbd =

4
abc + cbLc
3

(15)

where Lc = L − 2a, b = w/2 and a = c = h/2. Since a static droplet
will tend to minimize the energy levels of the interface layer,
it is reasonable to assume that the droplet caps have circular
curvature equal to the half channel height (smaller dimension)
(van Steijn et al., 2010). The droplet volume, in terms of h, w
and L, is then calculated using the following equation:
V = 2Vcap + Vbd =

6

wh2 +

4

hw(L − h) =

4

hwL −

12

wh2

(16)

Depending on the interfacial tension between ﬂuids and
on the afﬁnity to the channel walls, the droplets can be more
or less squeezed by the channel top/bottom, and the assumption of an elliptic cylinder representing the droplet body may
underestimate its volume.
Each of the techniques used to measure the droplet
dimensions, introduced a different uncertainty to the volume calculation. The uncertainty propagation, represented by
the coefﬁcient of variation, =  V /V , was derived from the
Gaussian equation for normally-distributed errors (Ross, 2014)
assuming that errors from each measurement were uncorare used to
related and random. The values of V and
characterize all droplet populations in terms of volume, and
the aspect ratio L/w is used to characterize droplets in terms
of shape.

4.

Results and discussion

4.1.

Flow rates screening procedure

We aimed at producing droplets with the lowest surface-areato-volume ratio, i.e., shaped as closely as possible to a sphere.
In principle, perfect spheres were produced only when the
droplet diameter was smaller than the channel size. Since
droplets tend to coalesce if not conﬁned by the walls, in practice we aimed at obtaining compact droplets, as wide as the
channel, which are enclosed by the top and bottom walls.
Thus, the droplet aspect ratio, L/w, should lie in the range 1.01
and 1.20 to satisfy such speciﬁcation.
We introduce a screening procedure to identify operating
conditions which yield droplets with the desired characteristics. The droplet size was tuned by varying the total ﬂow rates
and the ﬂow rate ratios of the immiscible phases. The ﬂow rate
of the continuous phase, qc , and the ﬂow rate of the dispersed
phase, qd , selected for the screening experiments are plotted
in Fig. 8.
Four microdevices, D11 , D21 , D31 and D41 of the design type
MD-250 (see Table 1 for dimensions of the microdevices), were
tested for the values of the ﬂow rate ratio ϕ = qc /qd of 3, 4, 5
and 6, and for several values of the total ﬂow rates. The markers, in Fig. 8, represent the ﬂow rate conditions experimentally
attained, which lie on the dashed green isolines, correspond-

ing to constant ﬂow rate ratios. Each marker color matches the
colorcode, indicating the corresponding droplet aspect ratio,
L/w. Black markers correspond to cases where the width of the
droplet is smaller than the width of the channel (i.e., L/w < 1);
this situation is unwanted since droplets become mobile and
tend to coalesce. Each point in Fig. 8 is the result of the evaluation of approximately 20 droplets.
Experimental data show that, when slightly different
microdevices are used, the same trends are observed. Namely,
by increasing the value of ϕ, the droplet aspect ratio L/w and
size L (since w is constant) decrease. Also, following the isolines, the aspect ratio L/w becomes smaller when the total ﬂow
rate, Q, is increased.
In short, despite the droplets being formed in the squeezing regime, we observed that their sizes are dependent on
ﬂow rate ratio, total ﬂow rate and T-junction geometry. Similar behavior was also reported by Christopher et al. (2008), who
even at very small Capillary number (Ca = 0.005), have never
observed droplet sizes depending on the ﬂow rate ratio only.
To give a clearer picture of the screening procedure, grey
surfaces are depicted in each subplot of Fig. 8, thus highlighting the ﬂow rate conditions that resulted in the desired
droplet sizes (1 < L/w ≤ 1.20). Furthermore, by overlapping the
grey surfaces of all four microdevices tested, a smaller zone
of intersection is obtained (darker grey region). As it can be
seen, there is no unique condition of ﬂow rates that can fulﬁll the droplet size requirement, and thus, in addition to the
conditions already tested (points that outline the darker grey
region), the use of any other ﬂow rate conditions belonging to
the intersection area, would be feasible and would lead to a
ratio L/w in the required range. We have chosen qd = 5 L/min
and qc = 15 L/min for conducting the reproducibility experiments reported in the next section.

4.2.

Reproducibility of droplet volume distribution

The reproducibility of droplet volumes was tested for microdevices of the design MD-250 in three different ways: (i) for the
same T-junction (i.e., reﬁlling of the microdevice D51 ); (ii) for
four microdevices being replicas of the same mold (D21 , D22 , D23
and D24 ); as well as (iii) for microdevices being single replicas of
each mold of the silicon wafer. Even though all microdevices
were produced from the same design, they differ slightly in
height and width (see Table 1) due to manufacturing inaccuracies.
The reproducibility of a single T-junction (microdevice D51 )
was ﬁrst assessed by reﬁlling one microﬂuidic device at the
same ﬂow rate conditions (qd = 5 L/min, qc = 15 L/min) for ﬁve
times. For the sake of clarity, in Fig. 9(a), a typical droplet volume histogram and its corresponding gamma distribution are
plotted, whereas in Fig. 9(b), the gamma distributions associated to the ﬁve repetitions are plotted. Using at least 103
droplets, the mean volumes, V , and the coefﬁcients of variation =  V /V , were computed and shown in Table 3.
Two important conclusions can be drawn. First, the results
show that among the ﬁve populations of droplets obtained in
the microdevice D51 , the average of the mean volumes is 9.4 nL,
whereas their coefﬁcient of variation is 0.031; the maximum
relative difference in mean volumes is 0.09 (by considering the
two extreme values 8.9 nL and 9.7 nL).
Secondly, the polydispersity, , is of about 0.03, a value
much smaller than what was considered as being a negligible polydispersity in Section 2. Thus, for nucleation purposes,
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Fig. 8 – Screening of ﬂow rates for microdevices of the type MD-250. The colorbar is associated with the droplet length to
channel width ratio, L/w, obtained using different ﬂow rates. When the colorbar assumes the black color, the channel
width, w is larger than the droplet width, meaning that the droplet is detached (unwanted situation). The subplots depict
the situation for each single microdevice (subscript), D, manufactured from Molds #1, #2, #3 and #4 (superscript). The
dashed lines represent the operating curves where ϕ = qc /qd is constant. Grey surfaces correspond to the ﬂow rate ranges
where the criteria of 1 < L/w ≤ 1.20 is complied. Darker grey areas depict the intersection of best operating surfaces.

Table 3 – Mean volumes, V , coefﬁcients of variation, ,
of populations of droplets containing N number of
droplets shown in Fig. 9. Population t consists of all the
droplets belonging to populations a, b, c, d, and e.

Fig. 9 – Reproducibility of a single microdevice. (a)
Histogram and corresponding gamma distribution of
volumes obtained from a population of droplets generated
in a single microdevice. (b) Gamma distributions
representing the reproducibility of population of droplets
generated in the same microdevice made from Mold #5 (D51 ).
For the properties of the distributions a − e, see Table 3.
droplets formed in these microdevices can be considered as
monodispersed.
The analysis of droplet volume reproducibility in different microdevices (mold replicas and design replicas) is also
important to account for possible variation of results, if e.g., a
microdevice breaks and a replica needs to be used. Droplet

Populations

V [nL]

a
b
c
d
e
t

9.5
9.6
9.7
9.2
8.9
9.4

[–]
0.033
0.033
0.028
0.023
0.022
0.040

N [–]
196
218
117
159
103
793

volume is connected to the aspect ratio L/w, hence in the
following discussion, we plot L/w instead of volume distributions, similarly to the screening procedure in Section 4.1.
Fig. 10 shows aspect ratios, L/w, obtained for droplets generated in different microdevices of the MD-250 design. The
error bars represent the standard deviation of the L/w values for each population of droplets. Marker colors are used
to group results obtained in microdevices fabricated from the
same mold. Generally, each point is obtained from measurements made in a single population of droplets, i.e., when the
microdevice is ﬁlled with droplets once. The special case is
the device D51 , which was ﬁlled ﬁve times and thus the number on top of the dark red marker is the sum of the series
of droplets of all ﬁve experiments; this is possible, since they
are considered to be reproducible as assessed in the previous
section. In Fig. 10, numbers beside the markers indicate how
many droplets were considered for each evaluation and the
light blue area is the region where the droplet aspect ratio
fulﬁlls the speciﬁcations (i.e., 1 < L/w ≤ 1.20).
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Fig. 10 – Reproducibility of microdevices from different
molds. Droplet aspect ratio L/w obtained from populations
of droplets generated in different microdevices of the
MD-250 design. Numbers beside the markers indicate how
many droplets were considered for each evaluation. The
light blue area covers the region where 1 < L/w ≤ 1.20. On
the x-axis, D stands for microdevice, the superscript
references to the mold number, of which the microdevice
was fabricated, and the subscript provides the information
of the microdevice replica used.

As shown in Fig. 10, among all twelve microdevices tested,
only three of them, namely D12 , D22 and D61 , produced droplets,
whose average aspect ratio is outside the target light blue area
(i.e., the region corresponding to the speciﬁcation 1 < L/w <
1.20). Note that the microdevices D11 and D12 are replicas from
the same mold; the same is true for the devices D21 , D22 , D23 and
D24 . The deviation in L/w values cannot be neglected, because
it results in a large variability of the droplet’s shape and mean
volume: for example, the microdevice D61 produced droplets
31% larger in volume than those produced in the other twelve
devices. As discussed in Section 2.3, such a variation of the
mean volume has a strong, possibly unacceptable, inﬂuence
on the estimation of the nucleation rate.
In general, very accurate control of droplet volume and
shape is possible using a single microdevice. The same statement can be also true when using devices made from different
molds; however, in order to produce droplets within the speciﬁcations, one would need to analyze again the ﬂow patterns
identiﬁed during the screening procedure and illustrated in
Fig. 8, and adjust the ﬂow rates accordingly, e.g., increasing
the ﬂow rate ratio if a smaller value of L/w is desired.

4.3.

Stability of droplets over time and temperature

Nucleation is a slow process, especially in small volumes
(Hammadi et al., 2013). Consequently, PDMS microdevices
need to enable stored droplets to remain stable over time and
temperature, so that, long experimental runs (of at least some
hours) can be performed. Since PDMS is a gas permeable material, water may evaporate from the droplets. Such change in
droplet volume and possibly in the concentration level can
inﬂuence the nucleation process – in a way that is not trivial
to quantify.
Evaporation is a common issue of PDMS devices, and several mitigation methods have been proposed in literature. Zec
et al. (2014) suggested to bond a glass coverslip on top of

the PDMS surface to function as a barrier for vapor transport. They observed a droplet volume reduction of ∼ 66% in
∼ 30 min at room temperature in a conventional 3 mm-thick
PDMS microdevice (same thickness used in the current study).
In contrast the hybrid glass-PDMS microdevice only exhibited 26% volume loss. Akhtar et al. (2014) claimed that droplet
evaporation is prevented by coating the PDMS inner channel
wall via deposition of an inert material, Parylene-AF4. After
5 h of storage at 37 ◦ C, there were no droplets left in the PDMS
channel; however, when using the coated channels, droplet
volume was only reduced by 10%. The water bath method proposed and utilized in this study is much simpler, as there is
no need of applying special techniques, e.g., chemical deposition. Fig. 11 (a) shows the reduction in droplet volume over
time for devices placed in air and in a water bath. The two populations depicted started from different initial mean volumes,
and images were recorded during the same time interval,
every 3 min over 4 h. The overall behavior is the same, as the
volume decreases linearly, i.e., the evaporation rate is constant
and can easily be estimated with a linear regression. Purple
points show the volume change in air environment without
the use of the water bath (laboratory conditions, T = 24 ± 2 ◦ C
and RH = 35 ± 10%), where a reduction of 8.8% in volume in the
ﬁrst 4 h was observed. Yellow points were generated when the
PDMS device was completely immersed in a water bath and
temperature was controlled (T = 24.5 ± 0.5 ◦ C). In this case, the
droplet volume decreased just by 2.3% in the ﬁrst 4 h.
Loss of material could not be completely avoided; yet, when
the water bath was used, the effect of evaporation was reduced
by 75% in comparison to the air environment. Thus, the use
of the water bath is fundamental if the duration of the experiment is in the range of a few hours.
During a typical nucleation experiment, droplets will experience much lower temperatures, at which vapor pressure is
also lower, hence evaporation will be further reduced.
Furthermore, the net effect of temperature on the droplet
volume was investigated to simulate a typical cooling nucleation experiment, where droplets are created at a certain
temperature and stored at a lower one. Both density of water
(despite anomalous behavior at 4 ◦ C, the density of water at
2.5 ◦ C is still higher than at room temperature) and interfacial
tension (cohesive forces increase with a decrease in molecular
thermal activity) increase with reducing temperature. Thus, it
was important to check how the droplet volume measured
at 24.5 ◦ C compares with volumes at 2.5 ◦ C, since both effects
potentially reduce the droplet volume.
In Fig. 11(b), red markers show mean volumes of droplets
at T = 24.5 ◦ C and blue markers correspond to T = 2.5 ◦ C. For
all microdevice geometries, i.e., MD-150, MD-250 and MD-350,
the lower temperature had a negligible effect on the droplet
volume.
The use of the water bath was also advantageous regarding temperature control. Immersing the PDMS microdevice in
the water bath enhanced the heat transfer by more than two
orders of magnitude in comparison to the air environment.
Such an effect guaranteed both a fast response when the system was cooling down and a uniform temperature within the
entire storage zone, i.e., static droplets experienced the same
conditions at all times.

4.4.

Scale-up of droplets

The ultimate goal of our study is to scale-up droplet volumes so as to be able to study its effect on nucleation in a
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Fig. 11 – Stability of droplets over time and temperature. (a) Reduction of droplet volume over time in air and in the water
bath. (b) Cooling effect on droplet volume. Experiments depicted by the red markers and by the blue markers were
conducted at T = 24.5 ◦ C and at T = 2.5 ◦ C, respectively. Error bars represent the standard deviation of volumes. (For
interpretation of the references to color in text/this ﬁgure legend, the reader is referred to the web version of the article.)

follow-up study. However, since there is no information on
how the droplet interface affects nucleation, we intend to
keep the droplet shape constant (i.e., 1 < L/w ≤ 1.20), thereby
decoupling surface from volume effects. In order to do so,
microdevices of the designs MD-150, MD-250, MD-350, with
150-, 250- and 350 m-wide channels and with the same
aspect ratio h/w (design value 0.85), were used.
To scale up the droplet volume, we have adopted the
approach of keeping constant the superﬁcial velocity of the
continuous phase (vc = qc /(hwc )) at the T-junction. The rationale behind this approach is that, for low superﬁcial velocities,
the main contribution to the droplet break-up arises from the
build-up of pressure in the continuous phase, caused by the
blockage of the channel by the growing droplet. Since the capillary number (Ca = vc /) is the ratio between the viscous
forces and the interfacial forces, the most intuitive procedure
to scale-up the droplet volume is to keep the capillary number
constant for the three different geometries. To this aim, since
the properties of the ﬂuids (viscosity of continuous phase,
, and interfacial tension, ) are the same, what one has to
keep constant is just the superﬁcial velocity of the continuous
phase.
Additionally, in order to ﬁnd ideal ﬂow rate conditions
to produce droplet sizes within the speciﬁcations, we have
applied the same method discussed in the screening procedure of Section 4.1. First, individual operating areas were
found for each microdevice, and then they were overlapped
following the same procedure as shown in Fig. 8.
As already expected, droplet sizes do not follow a linear
relationship with Ca numbers, and therefore, a perfect matching of the same superﬁcial velocities, vc , with L/w was not
obtained. However, using our understanding and experience,
we could identify conditions to form droplets with the desired
L/w (see the ﬂow rates used in Table 4).
The volume and shape of the droplets were assessed by
reﬁlling a microdevice of each type for at least four times.
As expected when using a single microdevice, reproducibility of volumes was observed. This fact allowed us to combine
the series of droplets from each reﬁlling, which resulted in
the total number of droplets, N, shown in Table 5, where
also mean volumes and coefﬁcients of variation calculated
for N are reported. It is worth noting that the polydispersity
of droplets remained low, between 0.040 and 0.054.

Table 4 – Flow rate conditions applied for obtaining
droplets with the aspect ratio L/w within the
speciﬁcation and the associated superﬁcial velocities of
the continuous phase.
Microdevice
type

MD-150
MD-250
MD-350

Flow rate
Flow rate
dispersed phase continuous
phase
qc [L/min]
qd [L/min]

Superﬁcial
velocity

2.0
5.0
7.0

1.03
0.57
0.45

vc [cm/s]

10
15
21

Fig. 12 – Scaling up of droplet volume maintaining droplet
shape. On the left hand axis, droplet volumes produced in
microdevices of the designs MD-150, MD-250 and MD-350.
On the right hand axis, aspect ratios L/w obtained for the
same populations of droplets. For the properties of the
distributions of droplets, see Table 5.

Table 5 – Mean volumes, V , coefﬁcients of variation, ,
of populations of droplets containing N number of
droplets for the three designs tested, shown in Fig. 12.
Microdevice type

V [nL]

MD-150
MD-250
MD-350

2.9
9.4
24.6

[–]
0.054
0.040
0.047

N [–]
857
793
722

456

Chemical Engineering Research and Design 1 3 8 ( 2 0 1 8 ) 444–457

The mean droplet volumes attained when using microdevices of the designs MD-150, MD-250 and MD-350, are plotted
in Fig. 12(b) (left hand axis), together with the aspect ratios,
L/w, measured for the same droplets (right hand axis). The
dashed line represents the mean of the aspect ratios. As it
can be observed, we were able to scale-up droplet volumes by
a factor of about 10, and to effectively maintain the droplet
shape within the limits of the speciﬁed values for L/w.

5.

Conclusions

In this work we have assessed the reproducibility and stability of droplet formation and storage in PDMS microdevices in
view of carrying out nucleation experiments in such droplets
in a follow-up study. Water droplets generated in oil in a Tjunction and subsequently stored were assessed in terms of
mean volume, V , and volume polydispersity, . A theoretical analysis of the inﬂuence of the droplet volume shows that
the variation of the mean volume among droplet populations
is a critical parameter and can drastically reduce the quality
of the nucleation rate estimates. However, if it remains below
10%, its inﬂuence on the uncertainty may be neglected. This
condition is fulﬁlled if experiments are repeated using the
same PDMS microdevice. We have found that droplet polydispersity within the population is not as important for the
nucleation experiments; theoretically, values of up to 0.15
do not alter the nucleation probability signiﬁcantly. Therefore,
droplets generated in a T-junction can be treated as monodisperse.
We have proposed to immerse the microdevice in a water
bath to reduce the evaporation effect and to improve temperature control. For obtaining desired droplet sizes, we show
that a screening procedure is superior to the simple scaling laws. This method has also allowed for the selection of
the ideal operating conditions for the scale-up experiments,
which were carried out in microdevices of the designs MD150, MD-250 and MD-350. By doing so, we could successfully
scale up droplet volumes by almost one order of magnitude,
while maintaining the target droplet shape unaltered.
The theoretical analysis and the comprehensive experimental measurements reported in this work provide a sound
framework to develop microﬂuidic-based protocols to study
primary nucleation and to characterize its rate.
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