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Arrested coalescence of viscoelastic droplets with
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There are many new approaches to designing complex anisotropic colloids, often

using droplets as templates. However, droplets themselves can be designed to

form anisotropic shapes without any external templates. One approach is to

arrest binary droplet coalescence at an intermediate stage before a spherical

shape is formed. Further shape relaxation of such anisotropic, arrested structures

is retarded by droplet elasticity, either interfacial or internal. In this article we

study coalescence of structured droplets, containing a network of anisotropic

colloids, whose internal elasticity provides a resistance to full shape relaxation

and interfacial energy minimization during coalescence. Precise tuning of droplet

elasticity arrests coalescence at different stages and leads to various anisotropic

shapes, ranging from doublets to ellipsoids. A simple model balancing interfacial

and elastic energy is used to explain experimentally observed coalescence arrest in

viscoelastic droplets. During coalescence of structured droplets the interfacial

energy is continuously reduced while the elastic energy is increased by

compression of the internal structure and, when the two processes balance one

another, coalescence is arrested. Experimentally we observe that if either

interfacial energy or elasticity dominates, total coalescence or total stability of

droplets results. The stabilization mechanism is directly analogous to that in

a Pickering emulsion, though here the resistance to coalescence is provided via an

internal volume-based, rather than surface, structure. This study provides

guidelines for designing anisotropic droplets by arrested coalescence but also

explains some observations of ‘‘partial’’ coalescence observed in commercial

foods like ice cream and whipped cream.
1 Introduction

Coalescence is a process of merging two or more droplets into a single, usually spher-
ical, droplet. The driving force for coalescence to proceed, once initiated, is the
reduction in interfacial energy by a minimization of the surface-to-volume ratio.
Coalescence is a common instability mechanism in emulsions and its initiation is
often sterically opposed by the addition of species like surfactants and polymers
that adsorb to droplet surfaces.1–4 Adsorbed colloids can also prevent coalescence
initiation in Pickering emulsions5–7 by forming a sufficiently continuous surface layer
on droplets that provides steric stabilization. While stabilizing emulsions against the
initiation of coalescence is a common goal, coalescence can also be initiated but then
halted before formation of a single spherical droplet, a phenomenon known as
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arrested coalescence.8–13 Although arrested coalescence in food processes has
been widely studied,14–17 the exact mechanisms of resistance to coalescence and
the stabilization of arrested structures are not yet fully understood because they
typically occur in complex systems that do not permit the isolation of key
phenomena.8,9,18,19

More fundamental studies 11,20 have shown that arrested structures require
a dynamic balance between the forces driving shape relaxation and an opposing
force. Coalescence can be stably arrested by droplet elasticity at the droplet surface14

or within its volume.21 While coalescence arrested by interfacial elasticity has led to
fabrication of novel materials such as bijels22,23 and armored droplets,24,25

volume elasticity is often crucial for fabrication of structured food emulsions
such as ice cream and whipped cream.9,18,21 Through similar, but more complex,
mechanisms non-spherical biological shapes can be formed by bacteria and
viruses during dynamic processes like cell division and protrusion.26 Recent work
has also created simple cell analogues with emulsion drops containing elastic
networks of actin.27

Arrest at flat interfaces 28,29 and on the surface of liquid doublets has only recently
been studied for model systems.20,30 Pawar et al.20 found that the elasticity of the
droplet surface determined the degree of arrest and, thus, the shape of the resultant
liquid doublets or ellipsoids. In addition to surface structures, the elasticity of an
entire droplet volume can also arrest coalescence to form novel colloidal structures
but such effects have not been studied in model systems. In this article we make
in situ observations of coalescing model viscoelastic droplets to isolate contributions
of interfacial tension and elasticity to arrest. When elastic and interfacial forces
possess similar magnitude, stable arrested droplet structures are found, while if
either elastic or interfacial forces dominate then total stability or total coalescence,
respectively, is observed.
2 Experimental details

Partially crystalline oil droplets are prepared by making oil-in-water (O/W) emul-
sions using oil containing anisotropic wax crystals.10 The emulsions are then diluted
to study droplet coalescence behavior by micromanipulation.
2.1 Emulsion preparation and characterization

Emulsions are prepared by mixing equal volumes (5 ml each) of an oil and aqueous
phase. The dispersed oil phase consists of a mixture of hexadecane (99%, Sigma Al-
drich) and wax (Petrolatum, Unilever) while the continuous aqueous phase consists
of a 0.5 wt% microfibrous cellulose (MFC, CP-Kelco) dispersion (sy � 0.17 Pa) and
10 mM sodium dodecyl sulfate (SDS) (99%, Fluka) surfactant solution. The small
yield stress of the continuous phase avoids sedimentation and uncontrolled move-
ment of the small droplets during manipulation. The emulsion is made by combining
the oil and the aqueous phases, heating to 75 �C, then shaking by hand for 10 s. The
dispersed phase is initially a homogeneous solution but, as the emulsion cools down
to room temperature, wax (mp � 40–60 �C) crystallizes inside the droplets. The hex-
adecane completely wets the crystals, containing them within the emulsion drop
volume. The wax crystals are anisotropic solids with an aspect ratio �10, as seen
in Fig. 1, and are weakly attractive as gelation of the wax crystals is sometimes
observed within droplets. The elastic modulus (G0) of the wax–oil dispersion is
measured in the linear viscoelastic regime by oscillatory shear experiments (AR
2000) at a strain of 0.1%.
Emulsions are fabricated to produce partially crystalline droplets with variable

solid content (10%–50%). Emulsions are further diluted �10� with an MFC disper-
sion without surfactant for the micromanipulation experiments.
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Fig. 1 Dispersion of anisotropic wax crystals in hexadecane (�20% w/w wax).
2.2 Droplet coalescence study

Coalescence of two partially crystalline droplets is induced and observed in situ by
micromanipulation experiments.31–33 One of the droplets is held at the tip of a pre-
pulled capillary by applying suction and is then manually contacted with the other
droplet to study their coalescence behavior.
Tapered capillaries are fashioned from standard borosilicate glass capillaries

(1 mm OD and 0.5 mm ID, Sutter Instruments) with a Micropipette Puller (Model
P-97; Sutter Instruments). The tip of a pulled capillary is flattened using aMicroforge
(Model MF-830; Narishige Int’l. USA). The other end of the capillary is connected
to a water reservoir (10 ml open syringe) by rubber tubing. Changing the height of
the water reservoir adjusts the hydrostatic pressure applied at the flattened tip of the
capillary, enabling manipulation of droplets. The capillary is mounted on a 3-axis
coarse manipulator (Narishige Int’l USA) which is attached to a microscope stage
(Zeiss axioplan-2). A diluted drop of emulsion (�1 ml) is placed on a glass slide
and the tip of the mounted capillary is aligned with one of the partially crystalline
droplets using the micromanipulator. The droplet is drawn toward the capillary
tip by applying suction (negative hydrostatic pressure). Applied suction is adjusted
such that it holds the droplet stationary at the tip of the capillary without squeezing
out any oil. The captured droplet is aligned and manually contacted with a second
partially crystalline droplet suspended in the continuous phase and their coalescence
is observed. Microscopic observation of coalesced droplets after 15 min is used to
differentiate between total coalescence, arrested coalescence, and total stability
behavior.
3 Results and discussion

As two droplets contact, coalescence is initiated when a liquid neck forms between
them. The drops are then pulled together into a single spherical drop via flow of oil
through the liquid neck. During the coalescence process, the instantaneous deforma-
tion of the shape is a function of the emulsion interfacial forces, as described by the
Laplace pressure,34 P f g/R, where g is the oil–water interfacial tension and R is
droplet radius. The resulting change in shape of the coalescing structure is then
a function of the instantaneous strain:

3 ¼ DL

L0

(1)

where L0 is the initial length before coalescence is initiated, L0 ¼ 4 � R, and DL is
the linear deformation. Fig. 2 illustrates coalescence of two hexadecane drops
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Fig. 2 Change in interfacial area as a function of strain during coalescence of hexadecane
drops. Micrographs 1–3 show coalescing droplets at intermediate stages corresponding to
the points labeled above.
without wax crystals and plots the change in interfacial area with strain. For coales-
cence of the drops in Fig. 2 only the drop viscosity resists the Laplace pressure-
driven oil flow. The neck radius grows with coalescence and eventually interfacial
tension drives the drop into a spherical shape.35 As coalescence progresses , the inter-
facial area continuously decreases while DL, and thus the strain, increases accord-
ingly. A reduction to �79%, or 2�1/3, of the original interfacial area is achieved
during total coalescence, corresponding to a strain of �0.37, or 1–2�2/3, for identical
drops.
Evolution of coalescing shapes thus depends on interfacial tension and the contin-

uous and dispersed phase rheology. Fig. 2 indicates that the interfacial area decays
exponentially with strain and can be fit using:

A ¼ A0 þ A1exp

�
� 3

A2

�
(2)

where A0 ¼ 0.76, A1 ¼ 0.23, and A2 ¼ 0.19 correspond to the data in Fig. 2. Coa-
lescing structures progress through various non-spherical shapes in Fig. 2 before
reaching a final spherical one. Arresting coalescence at any of these intermediate
shapes, and thus strains, is possible if the droplets offer enough elastic resistance
to balance the Laplace pressure gradient.20

In contrast to our earlier study of interfacial elasticity-driven arrested coalescence,
here we study coalescence of droplets whose interior volumes are elastic as a result of
varying solid content. Fig. 3 reports the elastic modulus of wax–hexadecane disper-
sions for several solid levels. The partially crystalline oil phase elastic modulus grows
as a power law with exponent �4.8 with increasing solid content and, similar to our
earlier findings for Pickering emulsions, we expect coalescence to be arrested at
different stages depending on these parameters.
The coalescence behavior of partially crystalline droplets with increasing solid

content is illustrated in Fig. 4. Fig. 4 a.1–e.1 indicate two partially crystalline drop-
lets before coalescence is initiated with f ¼ 0.15, 0.30, 0.40, 0.45, and 0.50 solid
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Fig. 3 Elastic modulus of wax–hexadecane dispersion as the volume fraction of wax is varied.

Fig. 4 Micrographs showing coalescence behavior of viscoelastic droplets, left to right, as the
solid volume fraction is increased from top to bottom. Also shown are schematics of the final
strain of each droplet pair. Scale bar ¼ 50 mm.
volume fraction, respectively. As droplets are contacted coalescence begins and
liquid oil flows from droplets to the coalescing neck (Fig. 4 a.2–d.2). At low solids
fractions, around f¼ 0.15, droplets behave like weak gels that deform easily because
of their low elastic moduli (Fig. 3). As a result, during coalescence the interfacial
energy dominates elastic energy and the drop completely relaxes into a final spher-
ical shape (Fig. 4 a.4). As the solids fraction is increased, the droplet elastic modulus
increases and for f ¼ 0.30–0.45 the particle network elasticity balances the Laplace
driving force at an intermediate shape and arrested coalescence occurs (Fig. 4
b.4–d.4). It is clear that increasing the droplet elasticity arrests coalescence at earlier
stages, changing the resulting shape. Further increasing solids fraction to f ¼ 0.50
raises the droplet elasticity enough to completely prevent coalescence initiation
(Fig. 4 e.4), at least to the limits of our observations. The progression of shapes
and arrest in Fig. 4 is similar to our results for Pickering droplets20 and the
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stabilization at high solids fractions is directly analogous to the interfacially-based
stabilization seen in Pickering emulsions.7

Clearly the formation of stable arrested doublets results from a balance of the
interfacial driving force and the elastic reaction force of the droplet microstructure.
The partially crystalline droplets studied here contain an elastic network of solid
crystals saturated with liquid oil: a poroelastic colloidal gel. During coalescence,
Laplace pressure gradients exert stress on and deform the solid network. As coales-
cence progresses the drop area and, thus, the interfacial energy, Einterfacial, is contin-
uously reduced:

Einterfacial ¼ Ag (3)

where g is 10 mN m�1, and A is the total interfacial area of two coalescing droplets.
While coalescence decreases interfacial energy, the deformation or strain of the
elastic droplet microstructure leads to an increase of elastic energy, Eelastic, stored
within the microstructure:

Eelastic ¼ 3

2
G

0
32V (4)

where G0 is the droplet shear modulus that has been multiplied by three to yield the
Young’s modulus 36 and V is total volume of the coalescing droplets. The decreasing
interfacial energy, eqn (3), and increasing elastic energy, eqn (4), can be balanced at
any strain in the range between total stability, 3 ¼ 0, and total coalescence, 3 ¼ 0.37,
stabilizing doublet shapes at various minimum energy states. A simple energy
balance can be used to explore the minima corresponding to stable arrested coales-
cence states.
Fig. 5 Comparison of change in total energy during arrested and total coalescence of droplets.
A zero strain corresponds to droplets before coalescence and a maximum strain of 0.37 repre-
sents total coalescence into a spherical droplet. The two arrows indicate the location of energy
minima for each of the arrested coalescence cases.
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We calculate the change in energy during coalescence of droplets with three rele-
vant elastic moduli, G0 ¼ 100 Pa, 103 Pa, and 104 Pa, and plot the total energy against
droplet deformation in Fig. 5. Here we assume the interfacial energy is solely a func-
tion of interfacial area during coalescence, that the droplet elastic modulus is
a constant with strain, and that the shape evolution in Fig. 2 approximates the
behavior of partially crystalline droplets. We also neglect any minimum deformation
required to overcome disjoining pressures and initiate coalescence.37,38 Accordingly,
the interfacial area decays exponentially with strain (eqn (2)). However, the elastic
energy (eqn (4)) varies as a power law with strain and is proportional to the elastic
modulus. Combining both energy terms, a minimum in the total energy occurs when
the stored elastic energy increases to attain the same magnitude as the interfacial
energy lost by drop compression during coalescence.
In Fig. 5 for droplets with low elastic modulus, G0 ¼ 100 Pa, the bottom solid

curve indicates the change in elastic energy is negligible versus the change in interfa-
cial energy. As a result, the total energy is dominated by the exponential decay of
interfacial energy and relaxes to a minimum value at a strain corresponding to
a single sphere, 3 ¼ 0.37. For an intermediate elastic modulus of G0 ¼ 103 Pa the
middle dashed curve in Fig. 5 has a minimum at an intermediate 3 ¼ 0.12, approx-
imating that of the non-spherical shape shown. Further increasing the droplet elastic
modulus increases the rate of elastic energy storage during coalescence and enables
arrest at much smaller strains, moving the minimum down to 3 ¼ 0.02 in the top
dotted curve of Fig. 5 and qualitatively matching the results in Fig. 4.
While this simple model correctly captures the mechanism underlying the arrested

coalescence state, it is not complete. For example, our model predicts a minimum in
the total energy, even at high values of G0 and at vanishingly low strains, though
experimentally we see no coalescence initiation for such high modulus structures.
This discrepancy could arise because the model does not include coalescence initia-
tion even though experimentally our drops required a minimum critical strain, 3critical
� 0.01, to trigger coalescence. A more detailed model quantifying the condition for
coalescence onset appears necessary to fully describe an elastic stabilization mecha-
nism but the model provides a starting point for understanding arrested coalescence
and for mapping the expected behavior of droplets in practical food processes.
Using the above conceptual model, we predict that total coalescence and arrested

coalescence can be obtained by appropriately tuning the droplet elastic modulus and
interfacial tension. Adding eqn (3) and eqn (4) to obtain the total energy of two coa-
lescing droplets, taking the derivative with respect to strain, then equating the result
to zero allows us to locate minima for a range of curves like those plotted in Fig. 5:

g ¼ A2

A1

exp

�
3min

A2

�
G

0
R3min (5)

We can use eqn (5) to calculate, for a droplet of radius R, the elastic moduli and
interfacial tensions yielding either coalesced or arrested structures and we can spec-
ulate on the existence of a region of elastic stabilization as well. Plotting lines of
constant minimum strain in Fig. 6 for the limiting cases of complete coalescence,
3min ¼ 0.37, and total stability against coalescence, 3min ¼ 3critical � 0.01, produces
a map of the three regions for identical size elastic droplets of a given radius. The
left region corresponds to the states of complete relaxation to a spherical shape
and is separated from the middle arrested coalescence region by the 3min ¼ 0.37
line. The right region represents the states where we experimentally observe total
stability against coalescence and is bounded on its left side by the dashed 3min ¼
0.01 line. Within the arrested coalescence region the structures can vary from ellip-
soidal to doublet shapes. If further validated, such a map could provide a useful
design basis for emulsion formulation and processing depending on the desired
microstructure and bulk rheology of a product. Ultimately more experiments are
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Fig. 6 Coalescence behavior map for identical size 50 mm droplets showing a conceptual basis
for designing droplet structures using physical properties like interfacial tension and droplet
elasticity.
required to test these ideas given the very basic nature of the proposed model, but its
consistency with our experimental data is encouraging.
Here, as in the case of Pickering emulsions,20 arrested coalescence occurs as the

result of a balance between interfacial and elastic forces. By moving the arresting
elastic microstructure from the drop surface to its volume, we change the mechanism
of arrest from a jamming due to increased volume fraction to a reaction due to
elastic deformation. While for Pickering droplets the solids surface concentration
increases during coalescence, the solids volume fraction in the drops examined
here remains constant. Thus the arrest is not due to irreversible jamming but to
a reversible elastic reaction. The distinction is important as a completely jammed
interface, like those seen in armored droplets 24 and other arrested Pickering emul-
sions, 20 usually will not permit subsequent addition of droplets to form a larger
network. However, partially crystalline droplets can form unique supracolloidal
materials with multi-unit structures via sequential arrested coalescence, as shown
in Fig. 7. Furthermore, in certain food emulsions like ice cream and whipped
Fig. 7 Anisotropic structures of partially crystalline shapes fabricated by arrested coalescence
of three or more droplets. Scale bar ¼ 100 mm.
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toppings, volume-spanning rheological networks of clustered fat droplets are formed
during processing, providing structure and influencing physical and sensorial prop-
erties.17 Our study may provide a means to design and characterize such applied
systems using commonly measured parameters.
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