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a b s t r a c t
Hypothesis: The interplay of interface evolution and surfactant adsorption determines the formation and
stabilization of bubbles, and can be controlled by the liquid phase properties.
Experiments: We studied bubble formation in an Edge-based Droplet GEneration (EDGE) microfluidic
device at relevant length and time scale, allowing investigation of sub-events in a single bubble formation
cycle. We vary the properties of the continuous phase that contains whey proteins and study a range of
trans-pore pressures (P d ).
Findings: The shallow pores highlight the crucial role of the Laplace pressure and dynamic adsorption of
proteins to the meniscus. Bubble formation is divided into two regimes by the Laplace pressure of the
bare meniscus inside the pore. At Pd <1400 mbar, pre-adsorption of proteins is required to lower the
Laplace pressure; the bubble formation frequency f 0 increases with increasing protein concentration
and is hardly affected by velocity and viscosity. At Pd 1400 mbar, bubble formation immediately occurs
upon applying pressure, and f 0 mainly decreases with increasing viscosity. In both regimes, the initial
bubble size d0 mainly increases with the viscosity ð g1=3 Þ. Bubble coalescence is only observed at
Pd 1400 mbar and can be effectively suppressed by raising protein concentration and viscosity within
certain boundaries, yet ultimately this is at the cost of higher polydispersity of the bubbles. Our insights
into the formation dynamics of micrometer-sized bubbles at time scales down to tens of microseconds can
be used for effective control of bubble formation and stabilization in practical applications.
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thus the Laplace pressure across the meniscus until it is below
the applied pressure. In both cases the constricted meniscus eventually forms a neck that feeds air to a bubble growing in the collection channel. Further protein adsorption may occur at this neck as
well as at the growing and subsequently released bubble.
While bubble formation time is dominated – in the lowpressure regime – by adsorption of protein to the meniscus in
the pore, and steeply decreases in the high-pressure regime, the
stabilization of the bubble interface is determined by adsorption
of protein to the released bubble in the collection channel. In the
low-pressure regime, the lag time for protein adsorption to the
meniscus sets the bubble formation time that decreases from
1000 to 10 ms with applied pressure, while in the high-pressure
regime the bubble formation time decreases further from 1 ms
down to 0.01 ms. The bubble–bubble interaction between subsequent bubbles being formed at the same pore is set by this bubble
formation time. On the other hand, the characteristic time scale for
protein adsorption to the bubble itself is likely kinetically dominated [30] or showing mixed kinetic and diffusive behavior – but
in any case, is largely independent of applied pressure in the
partitioned-EDGE device. As a result, when the bubble formation
time drops below the characteristic time scale for protein adsorption, here determined to be around 0.4 ms, coalescence takes place
upon bubble–bubble interaction. Accordingly, in the low-pressure
regime with formation times larger than 10 ms, bubbles are inherently stabilized before bubble–bubble interaction, while in the
high-pressure regime, bubbles may coalesce a few times before
they are stable. The number of coalescence events depends on
the applied pressure via the bubble formation time, and its intersection with the characteristic time scale for protein adsorption
to the bubble. In summary, both bubble formation frequency and
the extent of coalescence (if any) are determined by dynamic
adsorption and this is highly relevant for many multi-phase food
systems (i.e., food foam or emulsion) that are stabilized by e.g.,
whey proteins.
Here, we study the effects of whey protein concentration, continuous phase velocity and continuous phase viscosity, on spontaneous bubble formation in a partitioned-EDGE device. Bubble
formation shows two (low- and high-) pressure regimes, divided
by the Laplace pressure of the bare meniscus inside the pore. At
low pressures dynamic adsorption effects are dominant and bubble
formation frequency increases with increasing protein concentration. In contrast, at high pressures bubble formation is independent of dynamic adsorption and is facilitated by continuous
phase inflow; bubble formation frequency is now limited by necking of the air thread and thus decreases with increasing viscosity of
the continuous phase that constricts this neck. In both pressure
regimes, the size of the formed bubbles increases with continuous
phase viscosity – again due to its effect on the dynamics of necking
of the air thread. Coalescence of these bubbles at high pressures
can be controlled within certain extent by raising protein concentration and continuous phase viscosity.

1. Introduction
Spontaneous emulsification can steadily produce monodisperse
droplets and bubbles in parallelized devices [1–8], and recent
research efforts focus both on optimizing throughput via device
geometry and understanding the on-site droplet (and bubble) formation mechanism. Typically, droplets (or bubbles) are formed at
the exit of strongly confined pores that open into a much deeper
collection channel. The formation is initiated above the breakthrough pressure – the Laplace pressure of the saturated meniscus
constricted inside the pore, DP ¼ cðR11 þ R12 Þ, where R1 and R2 are the

radii of curvature of the meniscus, and c is its equilibrium interfacial (surface) tension [9–11]. A remarkable increase in the droplet
size is observed upon increasing the dispersed phase flow rate
[12,13], which is often reported as a transition from ‘dripping’ to
‘jetting’ regime [5]. The critical value of this flow rate, or the corresponding capillary number, increases with increasing pore height,
pore length, contact angle between the interface and the channel
wall, and inflow of the continuous phase [3,4,12,14,15]. In the dripping regime, droplet formation is dominated by interfacial tension,
and the droplet size scales with the smallest dimension of the pore,
showing very little dependency on dispersed phase flow rate
[16,17]. In the jetting regime, viscous forces control droplet formation while the position of the neck moves more towards the edge of
the pore; the neck adopts a quasistatic shape and remains open for
a longer time. As a result, increasingly larger and ultimately polydisperse droplets are formed [13,17–19].
For practical applications, the dripping regime is most relevant
because of the well-defined product that is formed. By increasing
the dispersed phase flow rate, the formation frequency increases,
while the bubble (or droplet) size remains roughly constant [20].
The bubble size increases with continuous phase viscosity as the
formation dynamics are slowed down [21–23]. While most studies
consider droplet formation at equilibrium interfacial tension, only
a few studies consider bubble formation, which is much faster, and
these studies are typically carried out at very high loading of fastadsorbing low-molecular weight surfactants, like SDS and Tween
20 to avoid effects related to adsorption dynamics [17,21,22,24].
Yet, it has been shown that dynamic interfacial behavior cannot
be neglected when surfactants with slower adsorption dynamics
(e.g. proteins) or low concentrations of fast-adsorbing lowmolecular weight surfactants (e.g. SDS) are used during bubble formation [23,25–27] or droplet formation [28]; we have recently
demonstrated [29] the role of these dynamic adsorption effects
on both bubble formation and bubble stabilization versus
coalescence.
Using a (spontaneous) partitioned Edge-based Droplet GEneration (EDGE) device [29] with pores of 1 lm height, we found that
the breakthrough pressure to initiate bubble formation in a whey
protein solution is approximately 1100 mbar and that there is also
a transition pressure of approximately 1400 mbar that delineates
bubble formation into two regimes. Each of these two pressures
is linked to a characteristic Laplace pressure of the meniscus (see
equation above) with the (lower) breakthrough pressure being
the Laplace pressure of the equilibrated interface saturated with
protein and the transition pressure being the Laplace pressure of
the bare interface. This implies that for applied pressures above
the Laplace pressure of the bare interface (high-pressure regime),
bubble formation immediately starts without pre-adsorption of
proteins. In contrast, in the low-pressure regime, protein adsorption at the meniscus is required to lower the surface tension and

2. Experimental
In our microfluidic studies, air was used as the dispersed phase,
and aqueous solutions of whey protein isolate (>97.5% purity, BioPro, Agropur, Quebec, Canada) in MilliQ water (Merck Millipore)
were used as the continuous phase. A range of protein concentrations (1 – 10 % wt.) was tested, and the viscosity of all these solutions was adjusted to 2 mPas (at 20 °C) by adding small amount of
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observe and record bubble formation (and coalescence). For each
experimental condition, we recorded two videos, one at 100,000
fps and the other one at 700,000 fps. The former video was used
to measure the initial bubble size (d0 ) and the coalesced bubble
size (dcoal ), which were averaged for up to 30 and 50 bubbles,
respectively, using a custom-written script in Matlab R2018b;
moreover, the formation frequency of the initial bubbles, f 0 , was
obtained by counting the number of bubbles formed within a set
period of time. From the latter recording we extracted formation
dynamics of individual bubbles at the pores. We evaluated two
time scales (t n and tfill , which will be introduced later), and monitored the growth of the bubble in terms of its volume V t and the
thinning of the neck in term of its width wt . wt was normalized
as wt =w0 , where w0 is the initial neck width before thinning. Lastly,
three air flow rates were defined as sketched in Fig. 1B. Here we are
mainly interested in the air flow rate into the growing bubble,
Q 0 bub , which can be directly measured from the slope of (V t ; t) plot,
or estimated from V 0 =t n under crowded conditions in which bubble growth in time cannot be followed. The air flow rates in the
pore (Q pore ) and into the neck (Q bub ) can be calculated via mass conservation and air compressibility [29], but they are only discussed
qualitatively in this study.

glycerol (99.5%, VWR International, Leuven, Belgium) that hardly
influences the surface tension of the bulk liquid. In addition, using
2.5% wt. whey protein as a reference system, the continuous phase
velocity and viscosity were investigated in the range of about 0.1 –
0.9 m/s and 2 – 6 mPas, respectively (at 20 °C). All solutions were
filtered with 0.22 lm PES filters (Merck, Germany) before flowing
into the microfluidic system.
We studied air bubble formation with the partitioned-EDGE
glass chip as shown in Fig. 1A. The chip was designed in our group
and produced by Micronit Microtechnologies B.V. (Enschede, the
Netherlands). The geometry consists of two deep channels with
400 lm width and 175 lm height, which are connected by five
shallow plateaus of 200 lm length (L; perpendicular to the deep
channels) and 500 lm width (W). During the experiments, we considered only the first plateau upstream in the dispersed phase
channel (the inset in Fig. 1A). This main plateau is further partitioned into eight parallel pores, that each have a rectangular shape
of 20 lm length (l) and 40 lm width (w). The main plateau and the
pores all have a height of h ¼ 1 lm. The hydrodynamic flow resis12gl
tance of the pore (or plateau) can be calculated by R ¼ h3 w½10:630
h
w

[31], with g the viscosity and l; w; h the geometrical dimensions
for the pore (or L; W; h for the plateau).
The air and the continuous phases were controlled using a digital pressure controller via Smart Interface Software (ElveflowÒ,
France) in such a way that an effective pressure difference P d ¼
P d  P c =2 is applied across the main plateau and the pores (with
P d and P c the pressures applied externally to the air and the continuous phases). The trans-pore pressure Pd was varied in the range of
1050–2000 mbar, with a transition pressure of 1400 mbar that
divides bubble formation into two pressure regimes of ‘‘low” and
‘‘high” pressures [29]. While studying bubble formation as function
of P d , we kept the continuous phase velocity v c constant in each
pressure regime. The operation window was defined to enable
both the observation and the quantitative analysis of bubble
formation.

3. Results & discussion
3.1. Bubble formation dynamics
Each bubble formation cycle can be divided into a pore filling
stage and a bubble necking stage. The corresponding time scales
are defined as the pore filling time (t fill ) and the bubble necking
time (t n ) (Fig. 2A). In the pore filling stage, the air phase flows
inside the pore towards the edge. t fill is strongly influenced by
the applied pressure (P d ) and the hydrodynamic flow resistance
of the pore (R). The pore filling stage ends when the apex of the
meniscus contacts the edge of the pore and forms a neck with a
finite initial width (w0 ). In the subsequent bubble necking stage,
the air phase flows through this neck. A spherical bubble starts
growing and the neck starts thinning out. When the neck width
decreases to the order of the pore’s height [17,32], the neck quickly
breaks up within one microsecond and a bubble with volume

2.1. Image analysis
A high speed recording system, including a microscope (Axiovert 200 MAT, Carl Zeiss B.V., the Netherlands) and a high-speed
camera (FASTCAM SA-Z, Photron Limited, Japan), was used to

V 0 ¼ p6 d0 is released into the collection channel. We observed that
at low pressures the neck thins out very locally near the edge, and
3

Fig. 1. Partitioned-EDGE device. A. Geometrical schematic of the partitioned-EDGE device. The inset is a microscopic image of the continuous phase side of the main plateau,
which is active and forming bubbles. B. Illustration of air flow rates along the flow path during a single bubble formation cycle: Q pore is the air flow rate inside the pore
(location a), Q bub is the local air flow rate through the neck located inside the pore (location b), and Q 0 bub is the air flow rate into the growing bubble (location c). Q 0 bub > Q bub
due to air compressibility [29]; Q 0 bub  Q pore within the studied pressure range. The dashed circle represents the growing bubble.
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Fig. 2. Bubble formation at the pore. A. Snapshots of one bubble formation cycle at P d ¼1200 mbar. Necking stage: dt ¼ 4:29 ls between presented frames. The bubble
formation time is ttot ¼ t fill þ t n . B. Left: Absolute radii of curvature as function of time. Inset: Comparison of neck shapes in the middle of one necking process (t ¼ tn =2). Up:
low (1200 mbar); down: high (1600 mbar) pressure regimes. Right: Schematic of these radii of curvature. Shown are the radii of curvature of the (from top-to-bottom):
h
expanding bubble (RðtÞ ¼ dðtÞ=2, where dðtÞ is the bubble diameter as function of time) and the neck – in-plane radius (rðtÞ) and out-of-plane radius (2 cosðhÞ
). The protein
concentration is 2.5% wt. and the continuous phase viscosity is 2 mPas. v c is constant at approximately 0.93 m/s.

ence between a strongly localized, constant pressure drop inside
the pore (low applied pressures) and a pressure drop that shifts
from the plateau into the continuous phase in time (high applied
pressures) may be closely linked to the inflow of the continuous
phase, which is driven by a reverse (inward) pressure gradient in
the continuous phase. When the pressure drop is strongly localized
near the pore’s exit, the inflow of the continuous phase is negligible, while there is substantial inflow when the pressure drops
more gradually and into the continuous phase.
To understand the effects of fluid properties on the formation
frequency and the ultimate size of initial bubbles, we first evaluate
their effects on each stage of a single bubble formation cycle.

most of the meniscus remains static inside the pore; while at high
pressures, the entire meniscus moves back and forth inside the
pore and a longer neck is formed.
The dynamics of the neck – the shape and the location of the
meniscus – differs in the two bubble formation regimes (i.e. low
or high applied trans-pore pressures Pd ) (inset in Fig. 2B). The difference in necking dynamics can be captured by geometric analysis
of the three crucial curvatures (Fig. 2 B, right). The radius of the
positive out-of-plane curvature of the neck (inside the pore) is
h
fixed by the pore’s half height 2 cosðhÞ
, with h the contact angle
between the continuous phase and the channel wall (15 ° to represent a hydrophilic channel surface). In addition, using the highspeed recordings (Table SI 1), we measured the radius of the growing bubble in the collection channel, RðtÞ, and that of the negative
in-plane curvature of the neck inside the pore, rðtÞ, and plotted
them as function of time for a series of P d (Fig. 2B left). From these
radii of curvature, we can calculate the Laplace pressures
DP ¼ cðR11 þ R12 Þ across the interface of either the bubble

3.1.1. Pore filling stage
The pore filling stage consists of an active period, which is preceded in the low-pressure regime by a static period. During this
static period, protein adsorption is required to sufficiently lower
the Laplace pressure across the meniscus inside the pore (DPpore ),
until DPpore Pd . During the subsequent active period, the air phase
flows at a rate Q pore ðtÞ ¼ DP 1 ðtÞ=R towards the edge of the pore,
with DP1 ðtÞ ¼ P d  DP pore is the pressure drop along the pore, and
R the hydrodynamic flow resistance of the pore. In the lowpressure regime, the active period is much shorter than the static
period, so its effect on the pore filling time (t fill ) can be ignored
(Fig. SI 2). The tfill is determined by the lag time to adsorb the
required proteins. In contrast, in the high-pressure regime with
DP1 ðt Þ > 0, the active period (i.e. the pore flow process) takes place
immediately, and tfill is determined by the applied pressure (P d ).
The pore filling time, t fill , shows distinct characteristics in the
two pressure regimes. At Pd < 1400 mbar, t fill decreases as Pd gradually increases up to 1350 mbar (Fig. 3A), since at a higher pressure
an increasingly higher surface tension already allows for pore flow.
With increasing protein concentration, a lower (quasi-) equilibrium surface tension can be obtained; moreover, protein adsorption is overall faster, which leads to a faster decrease in surface
tension. Consequently, bubble formation is initiated at a lower Pd
and t fill decreases with protein concentration (Fig. 3B). As an illus-

h
and R2 ¼  rðtÞ), and follow
(R1 ¼ R2 ¼ RðtÞ) or the neck (R1 ¼ 2 cosðhÞ

their variations over time in the two pressure regimes. The growth
rate of the bubble only shows minor dependency on the applied
pressure (Fig. SI 1), hence we show only a representative case of
1200 mbar in Fig. 2B. While RðtÞ grows towards its final radius
upon release, R0 , the Laplace pressure of the bubble typically
decreases only slightly from 100 mbar to 50 mbar, and these values
are negligible compared to the Laplace pressure at the neck. For the
neck we consider the cases of low and high applied pressures. At
low applied pressures (1200 and 1300 mbar in Fig. 2B), the negative in-plane rðtÞ is constant over time and is comparable in absolute value to that of the positive out-of-plane curvature, leading to
a low Laplace pressure at the exit of the pore. This results in a large
pressure drop inside the pore (on the plateau), which is strongly
localized to the exit of the pore. In contrast, at high applied pressures, the absolute value of r ðt Þ increases over time and is substanh
tially larger than 2 cosðhÞ
. Accordingly, the Laplace pressure decreases
slightly along the pore and the largest pressure drop is located
between the exit of the pore and the growing bubble. The differ221
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Fig. 3. Pore filling time as function of P d for the effects of continuous phase velocity (A), protein concentration (B), and viscosity (C). In B, viscosity is adjusted using less than
20% glycerol, hence the effect of glycerol on surface tension is minor [22]. At P d < 1400 mbar, we use the simple estimate tfill ¼ 1=f 0 neglecting the relatively short necking
time. Unless stated otherwise, the protein concentration is 2.5% wt. and the continuous phase viscosity is 2 mPas; v c is 0.12 m/s in the low-pressure regime and 0.93 m/s in
the high-pressure regime.

ning process. In particular, the neck thinning rate is roughly
inversely proportional to the viscosity – which follows from the
linear increase of dissipation in the continuous phase (inflow) with
viscosity. Next to that, the air flow through the neck is not at all
affected by this dissipation source and thus the bubble growth
Q 0 bub is independent of viscosity (Fig. 4C); as well as being independent of necking time as the crucial length scale for hydrodynamic
flow resistance is the constant pore height. Furthermore, the neck
thinning rate slightly decreases as the protein concentration
increases (Fig. 4E), and this effect couples directly to the slight
increase in the Q 0 bub (Fig. 4B). As the protein concentration is
increased by a factor of 4 from 2.5% to 10% wt., Fig. 3B shows that
there is a large decrease in tfill (i.e. by a factor of approximately 10
at 1200 mbar); Fig. 4H shows that the corresponding t n is virtually
constant. Hence, the above-mentioned coupling effects are considered to be minor and we assume that the bubble snaps off very
quickly after the minimum required surface tension (for a given
applied pressure) has been reached. This is likely the same for
applied pressures Pd P tran , at which bubble formation is set by
the applied pressure (i.e. by the dynamic adsorption of the
surfactant).
Both bubble volume expansion and neck thinning end at tn –
the necking time (Fig. 4G–I). Across the full pressure range, t n
decreases and then levels off with Pd for protein concentrations
below 5% wt. (Fig. 4G). For P d 1350 mbar, tn gradually decreases
from  25 to  18 ls. Subsequently, t n steeply decreases to  13 ls
at the transition pressure (1400 mbar) and then levels off at around
9ls as Pd increases to 2000 mbar. Above the transition pressure of
1400 mbar, the markedly smaller t n values are in line with the
higher neck thinning rates (Fig. SI 5) that result from a higher
Laplace pressure locally at the neck and a stronger inflow of the
continuous phase, which can squeeze the neck and further facilitate its breakup [32].
In terms of fluid properties, t n is hardly affected by continuous
phase velocity (Fig. 4G), while there is a systematic influence of
continuous phase viscosity (Fig. 4I) and a surprisingly nonmonotonous behavior of tn for different protein concentrations
(Fig. 4H). Firstly, as the continuous phase viscosity (g) increases
from 2 to 4 and further to 6 mPas (by a factor of 2 and 3), tn
increases roughly by a factor of 2 and 3, so tn  g (Fig. SI 6). Secondly, tn shows distinct behaviors for higher protein concentrations (5% wt.). The typical behavior is as follows (Fig. 4H): in
the low-pressure regime, t n initially decreases with pressure, like
the behavior at lower protein concentrations. Yet, tn starts increasing at a certain pressure that itself decreases with protein concentration (for example decreasing from 1350 mbar for 5% wt. to
1250 mbar for 10% wt.) (this is linked to amongst others the forma-

tration, bubble formation is initiated at 1150 and 1050 mbar,
respectively, for 1% and 10% wt. whey protein; when P d increases
from 1150 up to 1350 mbar, t fill decreases from 2000 to 90 ms
for 1% wt. whey protein, while it decreases from 70 to 1.5 ms for
10% wt. whey protein. Lastly, at these low pressures tfill is hardly
(if at all) influenced by continuous phase velocity (Fig. 3A) and viscosity (Fig. 3C). The pore flow process is insensitive to these continuous phase properties, which agrees with the earlier visual
observation that inflow of the continuous phase is negligible at
low pressures.
At Pd  1400 mbar, tfill decreases over two orders of magnitude,
from  0.6 ms to  0.006 ms, as Pd is gradually increased to
2000 mbar (Fig. 3A). The protein concentration now has negligible
influence on tfill (Fig. 3B), except for slightly shorter filling time
observed in a protein-free system (0% wt., Fig. SI 3). On one hand,
this indicates that protein adsorption towards the meniscus (inside
the pore) is negligible during these short times; on the other hand,
any protein adsorption taking place on the channel walls possibly
renders the glass surface more hydrophilic (leading to a lower contact angle) [33,34] and thus slightly increases the DP pore . Hence,
only in a completely protein-free system the higher contact angle
results in a distinctly shorter tfill . Considering the continuous phase
properties, t fill is again independent of velocity (Fig. 3A). However,
contrary to the observations at low pressures, t fill increases by a
factor of approximately 1.7 and 3.8 when the viscosity is increased
from 2 to 6 mPas (Fig. 3C). This increase in t fill is ascribed to the
stronger inflow of the continuous phase during the bubble necking
stage in this regime. During the subsequent pore filling stage, the
continuous phase needs to be pushed out of the pore again, which
provides an additional source of hydrodynamic flow resistance that
increases with viscosity.

3.1.2. Bubble necking stage
At the end of the necking stage, the neck breaks up when its
width vanishes (wt 0) and a bubble with volume V 0 is formed
at the pore. At very low pressures up to 1200 mbar, monodisperse
bubbles are formed at an increasing frequency with pressure. To
understand the obtained bubble volume, V 0 , and necking time, t n ,
we first illustrate at 1200 mbar the effects of fluid properties on
V t (Fig. 4A-C) and wt =w0 (Fig. 4D-F). V t increases linearly and its
slope Q 0 bub ¼ DDVt is independent of the effects of continuous phase
velocity and viscosity (Fig. 4A,C), while it slightly increases with
the protein concentration (Fig. 4B). While the bubble is growing,
the neck width wt =w0 decreases linearly (Fig. 4D), and the neck
thinning rate (i.e. the slope DDwt ) decreases remarkably as the viscosity increases (Fig. 4F), resulting in a significantly longer neck thin222
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Fig. 4. Dynamics of bubble growth and necking. A–C. Bubble volume versus time at P d ¼1200 mbar, evaluated for the effects of continuous phase velocity (A), protein
concentration (B) and viscosity (C). D–F. Neck width versus time for the same fluid properties as in A–C. Note that the plateau observed in wt =w0 at the end of the necking
process is ascribed to finite pixel resolution (Fig. SI 4). G–I. Necking time as function of P d for the same fluid properties as in A-C. In B, E, H, only three protein concentrations
are presented for a higher visibility of the data points. Unless stated otherwise, the protein concentration is 2.5% wt. and the viscosity is 2 mPas; v c is 0.12 m/s in the lowpressure regime and 0.93 m/s in the high-pressure regime.

distinctly different t n values for either small or large bubbles. To
illustrate this, we study the neck thinning process at two representative pressures (i.e. 1250 and 1800 mbar) with 10% wt. whey protein. The mechanisms causing the prolonged neck thinning are
different in the two pressure regimes. At low pressure (1250 mbar
in Fig. 5C), the neck linearly thins out, and for the large bubbles this
happens at a lower neck thinning rate that results in a longer necking time. At high pressure (1800 mbar in Fig. 5D), the neck initially
has a fast neck thinning rate that is similar for both small and large
bubbles, yet, after the neck narrows approximately to the order of
the pore’s height, for the large bubbles the extremely narrow neck
remains open for an extended time, during which the neck might
continue to thin out but at a much lower thinning rate. In this case,
at the end of the prolonged neck thinning process, the neck is
expected to break up due to a perturbation in local pressure conditions, or the growing bubble is simply cut off by the cross-flowing
bubbles.

tion of polydisperse bubbles as will be elaborated on in the next
section). Afterwards, tn may decrease again as the pressure
increases up to the pre-transition pressure of 1350 mbar. Accordingly, there is a local maximum in t n in the low-pressure regime.
In the high-pressure regime, tn shows a similar behavior: tn first
decreases with pressure and then increases for protein concentrations 7.5% wt.. Again the transition point shifts to lower Pd for
higher concentrations, yet, does not decrease again as found for
the low-pressure regime.
In the high-pressure regime, t n intersects with tfill at P cross , after
which t fill < t n (Fig. 5A). At low protein concentration, Pcross is
approximately 1900 mbar and is not influenced by continuous
phase velocity and viscosity. Yet, it decreases with increasing protein concentration (Fig. 5B). For example, it shifts from 1900 mbar
(for 2.5% wt. whey protein) to 1700 mbar for 10% wt. whey protein.
Moreover, it might be a coincidence, but Pcross equals the pressure
at which t n substantially increases as indicated above.
At high protein concentrations, the sudden increase in tn in both
regimes results from the simultaneous formation of small and
large bubbles directly at the pores. The occurrence of large bubbles
appears seemingly random in terms of the instances and locations
of formation. For 10% wt. whey protein, large bubbles start forming
at 1250 mbar in the low-pressure regime, and then again systematically at 1700 mbar in the high-pressure regime. The t n values
shown in Fig. 4H are averaged for up to 30 bubbles, but we find

3.2. General discussion: Bubble size and formation frequency
The volume of the released bubble (Fig. 6A-C) is the product of
(constant) bubble growth rate and necking time, V 0 ¼ Q 0 bub tn .
The V 0 is linear in t n , and the bubble size scales as d0  t1=3
n . Thus,
d0 is as expected increasing when tn increases, namely at low pres223
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Fig. 5. A. Intersection of the two time scales obtained with 10% wt. whey protein: pore filling time (circles) and bubble necking time (triangles). B. Effects of protein
concentration (c) on the intersection pressure (P cross ). C-D. Two distinct necking scenarios observed for 10% wt. whey protein with C – at 1250 mbar and D – at 1800 mbar.
Insets: images show the resulted small (S) and large (L) bubbles. In high-pressure regime, some large bubble formation is observed since 1500 mbar, yet only since 1700 mbar
large bubbles account for more than half of the studied bubbles.
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simultaneously at a time scale down to tens of microseconds. We
will discuss the bubble coalescence effects in more detail in a
future work.
The simultaneous increase in the initial bubble size (Fig. 6B) and
decrease in the bubble formation frequency (Fig. 6E) for high pressures and high protein concentrations (e.g. at 1800 mbar for 10%
wt. whey protein) show similarities with that observed above a
critical dispersed phase flow rate during droplet formation in
microchannel devices [13,15,20], in the so-called ‘jetting’ regime
[5]; namely, the prolonged existence of a neck connects the
continuously-growing bubble to the pore. The transition could be
explained by dynamic adsorption of proteins at high concentrations and the relative size of the two time scales (t fill < t n ), which
depends on the overall experimental conditions [29]. In the current
research, for a relatively low protein concentration, the growth of
larger bubbles at the pores could be suppressed up to high formation frequencies (although at the expense of higher extent of bubble coalescence), which is at least partially due to the strong
confinement provided by the extremely shallow pores in the
partitioned-EDGE device.
Lastly, it is important to stress the crucial characteristic of the
partitioned-EDGE device – its extreme shallowness that leads to
the rich bubble formation behavior (i.e. the two distinct bubble formation regimes) when used in combination with slow-adsorbing
whey proteins. This introduces well-defined regimes of bubble formation that are delineated by the Laplace pressure of the saturated
meniscus in the pore (i.e. the breakthrough pressure) and the
Laplace pressure of the bare meniscus (i.e. the transition between
low- and high- pressure regimes). This enriches the dripping
regime by incorporating the effects of dynamic adsorption on bubble formation and stabilization. It is good to mention that in literature, these two Laplace pressures are rarely discussed separately
since they are small and similar in devices with larger dimensions
and less prominent for droplets (that have lower interfacial tension). On the other hand, the extreme shallowness also ensures
the air flow into the bubble, Q 0 bub , to be mostly determined by
the hydrodynamic flow resistance of the pore. Q 0 bub is highly insensitive to potential perturbations in pressure and flow (which could
otherwise translate into bubble size variation), and further ensures
the pressure stability of the device, aiding the production of
monodisperse bubbles. As an illustration, neighboring pores compete for the, limited, air flow in the low-pressure regime. Yet,
except from periodic activation and deactivation of pores, this
so-called cross-talking effect does not influence the properties of
formed bubbles such as their size and size distribution. This proves
the robustness of the partitioned-EDGE device compared to e.g. a
parallelized flow-focusing device [36].

sures (Fig. 6A), as well as for high protein concentration (Fig. 6B)
and high viscosity (Fig. 6C). In terms of the 10% wt. whey protein
experiments, Fig. 6B indeed shows a local maximum in bubble size
at low pressures. At high pressures, when t n increases, large bubbles are also observed to form at the pores, yet a direct quantitative
measurement of d0 is limited by bubble crowdedness. Instead, we
estimate the bubble size using V 0 ¼ Q 0 bub tn , assuming that Q 0 bub
remains constant (which at least is the case for the lower pressures), and these estimates are shown for P d up to 1900 mbar. In
addition, corresponding to the mechanisms causing the prolonged
neck thinning, at low pressure (1250 mbar in Fig. SI 7), the bubbles
are almost bi-dispersed; while at high pressure (1800 mbar in
Fig. SI 7), the bubbles are polydispersed. Furthermore, since t n
scales with the continuous phase viscosity (Fig. 4I), we find
d0  g1=3 (Fig. SI 6). This is in agreement with the

d
dref

ðgg Þ

1=3

ref

behavior (where dref is the droplet diameter and gref is the continuous phase viscosity used in a reference system) proposed for
emulsification in a similar device [35]. Still, the most important
message here is that the monodispersity of the initial bubbles
can be destroyed when an extremely high protein concentration
or viscosity is used.
The bubble formation frequency, f 0 , is the inverse of bubble formation time. At Pd < 1400 mbar with t fill  t n , f 0 simplifies to
1=tfill and increases with P d . For a given Pd in the low-pressure
range, f 0 increases with the protein concentration (Fig. 6E, panel
2) and is independent of the continuous phase properties
(Fig. 6D,F, panel 2). At Pd  1400 mbar, f 0 is equal to 1=ðtfill þ tn Þ
and linearly increases as function of Pd , by approximately 50 times
going from the transition pressure to the highest measured pressure of 1800 mbar (Fig. 6D). Yet, for a given P d , f 0 here decreases
as the protein concentration increases, which is opposite to the
effect of protein concentration at low pressures; moreover, this
distinct effect becomes stronger with increasing P d . This is because
at these high pressures, the t fill is nearly independent of protein
concentration (Fig. 3B). The t n is now of the same order of magnitude (as tfill ), and does depend on protein concentration (Fig. 4H).
The extreme case is presented by 10% wt. whey protein, which
shows an optimum in f 0 for intermediate Pd (e.g. 1700 mbar) and
afterwards f 0 even decreases due to the formation of large bubbles.
Furthermore, at these high pressures f 0 is again not affected by the
continuous phase velocity (Fig. 6D1), while it significantly
decreases as the continuous phase viscosity increases (Fig. 6F1).
This decrease in f 0 with viscosity is ascribed to the inflow of the
continuous phase that needs to be replaced by the next forming
bubble, which ensures the effect of the viscosity on impeding the
pore flow process.
It is important to realize that bubble formation is extremely fast
in the current device, and initial bubbles of size d0 can further coalesce in the collection channel, forming a larger bubble size dcoal
[29]. In general, coalescence is observed at any P d >1400 mbar;
the extent of coalescence and thus dcoal decrease as the continuous
phase velocity or protein concentration increases (Fig. SI 8). For
example, when 1% wt. whey protein is used, bubbles coalesce once
they are in contact (i.e., infinite coalescence), which indicates that
protein adsorption is too slow to stabilize the newly created bubbles. On the contrary, when 10% wt. whey protein is used, coalescence after bubble formation can be almost suppressed, albeit
these bubbles are polydisperse at the time of formation. In addition, a high continuous phase viscosity can also be used to control
coalescence, lowering the dcoal (Fig. SI 8), yet at the expense of
lower bubble formation frequency (Fig. 6F1). It is clear that preparation of monodisperse bubbles required a multi-faced approach.
Next to that, these results indicate that in the partitioned-EDGE
device, bubble formation and on-site coalescence can be studied

4. Conclusions
Compared with earlier microfluidic studies that use fastadsorbing surfactants (e.g. SDS and Tween) to prevent droplet or
bubble coalescence [5,17,21–23], the partitioned-EDGE device
exhibits richer bubble behavior over time scales that span five
orders of magnitude (approximately 0.01 – 1000 ms). This behavior
is due to the complementary effects of the key feature of the pore –
the extreme shallowness and thus a high pore Laplace pressure –,
and the use of slow-adsorbing whey protein. Bubble formation
shows two regimes that are distinguished by the dual role of protein adsorption, divided by the minimum pressure required to initialize bubble formation in the protein-free system. In the lowpressure regime, bubble formation is initialized when adsorbed proteins decrease the Laplace pressure below the actual applied pressure, and accordingly, the bubble formation frequency increases
with the applied pressure difference and the protein concentration.
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Due to the adsorption delay, bubble formation is relatively slow,
allowing for additional protein adsorption to and thus stabilization
of the released bubbles. In the high-pressure regime, the bubble formation occurs immediately upon applying pressure, essentially
without protein adsorption taking place at the meniscus. As a
result, the bubble formation frequency increases linearly with
the applied pressure difference, and simultaneously, coalescence
increases due to the shorter time available for further protein
adsorption. Moreover, the frequency decreases with increasing
protein concentration due to the formation of larger bubbles at
the pore, and with viscosity, which is ascribed to the increased
hydrodynamic flow resistance (R  g) of the continuous phase
inflow. In our previous study performed in the same partitionedEDGE device, we showed that monodisperse bubbles can be
formed in both regimes [29]. Here that is proved to occur only at
‘moderate’ protein concentration (e.g. 5% wt. whey protein) and
viscosity, and under these conditions, the initial bubble size mainly
increases with the continuous phase viscosity, namely as
d0  t 1=3
 g1=3 . However, higher protein concentrations lead to
n
a distinctly higher polydispersity of the initial (due to the formation of both small and large bubbles) and thus also of the final coalesced bubbles – which in first instance is counter intuitive. Lastly,
we showed here that the coalescence observed in the highpressure regime, can be effectively suppressed by raising (to some
extent) protein concentration and viscosity, to cover the created
interface faster and to slow down the destabilization of the film
between bubbles.
The increase in bubble size (Fig. 6B) due to the prolonged open
neck (Fig. 5D) may be very similar to the transition from dripping
to jetting that has been observed under constant interfacial tension
[5,17,18]. The transition from dripping to jetting roughly coincides
with the pressure Pcross at which pore filling time decreases below
the bubble necking time. This means that parameters that influence either the pore filling process or the bubble necking process,
such as the device dimension [3,4,15] the continuous phase inflow
[14], the continuous phase viscosity (in this study), the surfactant
concentration (also in this study), and mostly the dispersed phase
flow rate [5], ultimately play a role on the transition of drippingjetting. For relatively low protein concentrations in this study,
the dripping regime extends up to very high formation frequency
(tens of kHz), and jetting has not been observed but may be introduced at even high pressures that we didn’t study here.
Another key feature of the partitioned-EDGE design (i.e. spontaneous design) is that bubble formation is hardly dependent of
shear conditions. This allowed us to study a wide range of bubble
formation time scales (spanning five orders of magnitude) without
changing the continuous phase flow conditions (that could for
example influence mass transport rates). The available mass of
protein for adsorption thus only depends on the chosen protein
concentration and the rate of surface creation in time, and not also
on continuous phase flow rate or possibly changing mass transfer
rate of proteins [37]. Furthermore, the geometry of this pressurebased device allowed us to study bubble coalescence simultaneously with bubble formation at a time scale down to tens of
microseconds, since bubbles are released and are not immediately
carried away by the flow. Compared with other microfluidic
designs that decouple coalescence from the formation by accumulating monodisperse bubbles or droplets at a downstream location
[38–43], the partitioned-EDGE device is believed to provide closer
insights on the competing events of bubble (and droplet) formation
and stabilization versus coalescence at the industrially relevant
(sub)millisecond time scales. In the current study, we demonstrated the appropriate pressure conditions and fluid properties
that lead to the formation of monodisperse bubbles; our next step
is to quantitatively study the corresponding bubble coalescence.
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