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Droplets covered with densely packed solid particles, often called Pickering droplets, are used in a
variety of fundamental studies and practical applications. For many applications, it is essential to
understand the mechanics of such particle-laden droplets subjected to external stresses. Several
research groups have studied theoretically and experimentally the deformation, relaxation, rotation, and
stability of Pickering droplets. Most of the research concerns spherical Pickering droplets. However, little
is known about non-spherical Pickering droplets with arrested particle shells subjected to compressive
stress. The experimental results presented here contribute to filling this gap in research. We deform
arrested non-spherical Pickering droplets by subjecting them to electric fields, and study the effect of
droplet geometry and size, as well as particle size and electric field strength, on the deformation and
yielding of arrested non-spherical Pickering droplets. We explain why a more aspherical droplet and/or a
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droplet covered with a shell made of larger particles required higher electric stress to deform and yield.
We also show that an armored droplet can absorb the electric stress differently (i.e., through either in-plane
DOI: 10.1039/d1sm00125f or out-of-plane particle rearrangements) depending on the strength of the applied electric field.

Furthermore, we demonstrate that particle shells may fail through various crumpling instabilities, including
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1 Introduction

Particles of nano- and micrometer size can strongly adhere to
droplet interfaces,' forming a particle shell that changes the
mechanical properties of the fluid droplet interface.>™ Droplets
densely covered with particles (referred to as Pickering droplets)
constitute Pickering emulsions and Pickering emulsion gels,””
and can be used to produce particle capsules.* *° Such emulsions
and capsules are promising for many applications, particularly in
the pharmaceutical and food industries,"""* as well as in the oil
industry and biofuel processing.'*'> Moreover, particle-covered
droplets facilitate the fabrication of new materials’®*® and can be
designed to form novel adaptive structures.'*° Pickering droplets
can also be used in basic research, e.g., as model systems for
mimicking the physical properties of red blood cells®® or for
studying particle crystal growth and ordering or particle layer
buckling on curved interfaces.**2°
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ridge formation, folding, and wrinkling, as well as inward indentation.

In many research areas, knowledge of the stability and
mechanics of an individual Pickering droplet is essential, e.g.,
for the efficient fabrication of Pickering emulsions,”” for
designing emulsions with controlled stability,*®**° and, in
general, for the further development of the abovementioned
research fields. Several research groups have studied theoretically
and experimentally the deformation,®*>* relaxation,*?® and
mechanical properties of Pickering droplets.’’*® Most of the
research concerns spherical droplets. Yet several studies exist on
non-spherical Pickering droplets, investigating the droplets’
fabrication,®*" deformation, kinetic, relaxation, and rheological
properties.**** However, little is known about arrested non-
spherical particle shells subjected to stress. The experimental
results presented here contribute to filling this gap in research.
The objective of this study is thus to understand and describe
the behavior of non-spherical Pickering droplets with jammed
particle shells under stress.

We use an electric field (E-field) to induce a compressive
electric stress on a Pickering droplet and study both qualitatively
and quantitatively the droplet’s respond to the E-field.
The questions of principal interest in this research were the
following: (i) How does particle shell geometry affect the critical
E-field strength required for arrested Pickering droplets to
collapse? (ii) How do particle and droplet size affect the
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collapsing mechanism of non-spherical Pickering droplets? (iii)
How does the E-field strength affect the wrinkling and
crumpling of particle shells? To answer these questions, we
performed experiments on mm-size silicone oil droplets coated
with electrically insulating polymeric microparticles suspended
in castor oil and subjected to direct current (DC) E-fields.

Various E-field approaches have been demonstrated to be
useful in investigating the deformation,***® electrorotation,>
propulsion,”” and buckling®® of Pickering droplets. Here, we
use a static and uniform E-field to generate compressive stress
via charge accumulation on the droplet’s surface. Under a DC
E-field, free charges (impurities in the oils) accumulate at the
oil-oil interface. Depending on the electrical properties of the
oils and particles, the Pickering droplet may acquire a dipole
moment oriented either parallel or antiparallel with the E-field.
In our experiments, we prepared Pickering droplets with an
electrical conductivity smaller than that of the surrounding
castor oil. The charge relaxation time (t = ¢¢o/0, where ¢ is the
relative dielectric permittivity, ¢, is the vacuum permittivity,
and o is the electric conductivity) of castor oil is shorter than
that of silicone oil, so the droplet acquires a dipole moment
oriented antiparallel with the E-field. As a result, compressive
stress is exerted on the Pickering droplet (see Fig. 1a), whose
magnitude is controlled by the strength of the E-field. We used
this compressive mode to study the mechanical properties of
the particle shells.

2 Materials and methods

2.1. Materials

The particle-covered droplets used in our experiments were
made of silicone oil (Rhodorsil Oils 47, with electrical conductivity
oin ~ 10 pS m %, relative permittivity &, ~ 2.8, density pj, ~
0.96 g cm™* at 25 °C, and viscosity ~50 mPa s at 25 °C) and
polyethylene (PE) particles with diameters between around 2 and
100 pm (Cospheric LLC, with electrical conductivity o, < 1 x
107" S m™, relative permittivity ¢pe ~ 2.3, and density ppe ~
1.0 g em*). Depending on particle size and the desired volume
and shape of the droplets, the concentration of particles was
between 8% and 12% by weight (see ref. 27 for the formula for

(a)

(b)

Fig. 1
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obtaining densely packed spherical shells). Castor oil (Sigma-
Aldrich 83912, with electrical conductivity gex ~ 100 pS m Y,
relative permittivity eex ~ 4.7, density pe ~ 0.96 ¢ cm ™3, and
viscosity ~ 750 mPa s at 25 °C) was used as an external fluid.
Castor oil and silicone oil are immiscible, and the interfacial

tension between them is ~4.5 mN m™ %

2.2. Experimental set-up

The experimental set-up consisted of a signal generator
(SDG1025, SIGLENT Technologies Co, Ltd, China), a voltage
amplifier (20HVA24-BP1, HVP High Voltage Products GmbH,
Germany), a digital microscope (AM7315MZT, Dino-Lite, AnMo
Electronics Corporation, Taiwan), a light source (KL 300 LED,
Schott AG, Germany), a computer for collecting images and
recording videos, and a sample cell (an optical glass cuvette of
15 mm X 15 mm x 30 mm) with two inserted copper plates that
acted as electrodes. The sample cell was placed on a mechanical
XYZ translation stage (LT3, Thorlabs, Sweden) to ease its position-
ing relative to the optical path of the microscope. The observation
view of the microscope was always perpendicular to the E-field
(which in all figures is in the horizontal direction). A schematic
figure illustrating the experimental set-up is shown in Fig. 1b.

2.3. Formation of a non-spherical Pickering droplet

Castor oil was poured into a sample cell. Silicone oil and
particles were measured by weight and then stirred together
to make a dispersion. To form a dispersion droplet in the castor
oil, we used a mechanical pipette. When a silicone oil droplet
with particles was formed in the castor oil, most of the particles
resided inside the droplet. To bring the particles to the droplet’s
interface, we used an E-field, as demonstrated in ref. 2 and 8.
As soon as a particle reached the interface, it was transported
toward the electric equator of the droplet by the convective
motion of liquids (ie., induced electrohydrodynamic flows).*®*°
Particles at the equator formed a densely packed particle film that
widened as time passed and more particles reached the inter-
face (typically taking a few minutes). The final particle packing
and the coverage of the droplet’s interface depended on the
applied E-field and the particle concentration. Extensive details
of the method can be found in our previous studies.'®*°

Electrical cables

J N\ < “'»L‘\)

Signal generator o

PC for recording movies

(a) A schematic diagram illustrating the electric phenomena used in the experiments. A non-spherical Pickering droplet is initially stable when no

E-field is applied (to). Application of an E-field (t;) causes free charges (impurities in the oils) to accumulate at the droplet’s interface. The action of the E-
field on these charges yields electric stresses, which may deform and compress the droplet in various ways and with different dynamics (studied here in
detail). (b) A schematic illustration of the set-up used in all the experiments. The set-up consisted of a signal generator, a voltage amplifier, a digital
microscope with a perspective perpendicular to the direction of the E-field, a glass sample cell with copper electrodes placed on a mechanical XYZ
translational stage, and a computer for data collection.
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To make a stable non-spherical droplet with a jammed
particle shell, we coalesced two spherical droplets that were
initially almost fully covered with particles, as shown in Fig. S1
and Movie S1 (ESIt). To further tune the shape of the arrested
Pickering droplet, we electrorotated it at an elevated DC E-field
(between 500 and 800 V mm™'). As the Pickering droplet
rotated, it also stretched, allowing unjamming of the shell
particles. By turning off the E-field, the droplet relaxed and
reduced the area of its interface, thereby again inducing
particle jamming and the formation of a shell. However, the
structure of the shell was now more disordered and porous
compared with the structure of the initial shell (see also ref. 51).
We found that when the droplet was further stretched (by
applying stronger E-fields), the particle shell that formed after
switching off the E-field was more elongated and more porous.
Finally, as a droplet with a new shape was formed, we used an
AC E-field (e.g., 100 Hz, 300 V mm™ ") to align it with its major
axis along the direction of the E-field. In the AC E-field, the
droplet acquires a dipole moment oriented parallel with the
E-field, so the droplet is stretched. Whenever it was necessary to
make the droplet more ellipsoidal and symmetric, we further
increased the strength of the AC E-field up to 1 kV mm™".
In Movie S2 (ESIT), we provide an example of the electrorotation
of a droplet in a DC E-field and an example of the aligning and
shaping of a droplet in an AC E-field.

2.4. Image processing and estimation of the local curvature

Images taken in the experiment on the prolate-to-oblate shape
transition of particle-covered droplets subjected to different
E-field strengths (presented in Section 3.4) were processed
using MATLAB® software and its Image Processing Toolbox™.
On each image, the shape of the droplet (2D-projected onto our
camera’s focal plane) was first detected from the luminance
contrast between the droplet and the background oil by using
an automatic boundary tracing algorithm. We applied a
running-average smoothing filter to the derived shapes to
attenuate the sharp edges arising from the discrete representation
of the droplets (i.e., due to the camera’s pixel size). With a least-
square method,>® we then inverted the circle equations that best
fitted the various local portions of the obtained periphery of the
droplet. We thus computed the local curvature along the droplet’s
shape as the inverse of the fitted circle’s radius. For the MATLAB™
code, see the ESL}

3 Results

3.1. E-Field-induced deformation and yielding

An arrested Pickering droplet made of silicone oil and 30 pm
polyethylene (PE) particles was prepared in castor oil. The
droplet was non-spherical with a deformation of ~0.2 (left
inset image in Fig. 2). Deformation is defined as D = (d — d )/
(dy +d ), where d| and d , are the lengths of the droplet’s axes
parallel and perpendicular to the direction of the E-field,
respectively. The application of an E-field resulted in the
generation of compressive stress on the droplet. In weak
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Fig. 2 E-Field-induced deformation of an arrested droplet with a jammed
particle shell. Dynamic deformation of an arrested Pickering droplet made
of silicone oil covered with 30 um PE particles. Initially, the major and
minor axes of the droplet were 3.9 and 2.6 mm, respectively (left inset
image). The Pickering droplet was suspended in castor oil and subjected to
a DC E-field that was stepwise increased. In the inserted images, the
direction of the E-field was horizontal, and the arrows schematically
indicate the compressive electric forces. See also corresponding Movie
S3 (ESIF).

E-fields (less than 200 V. mm™"'), we observed no change in
the droplet’s shape. However, in stronger E-fields, the droplet
deformed and eventually yielded, which led to a prolate-to-
oblate deformation transition.

The quantitative data are presented in Fig. 2, in which we
plot the measured values of the droplet’s deformation versus
time and the strength of the applied E-field. As the E-field was
stepwise increased from 0 to 225 V. mm ™', the magnitude of
the droplet’s deformation was mostly unchanged (AD ~ 0.01).
The elastic stress from the particle layer was sufficiently strong
to withstand the electric stress, and the prolate shape of the
droplet was undisturbed. At moderate E-field strengths
(between 225 and 265 V mm '), we observed small changes
in the droplet’s deformation (AD ~ 0.03). This deformation was
caused by the rearrangement of particles; that is, the packing of
the particles increased, and/or the particles deformed out-of-plane.
At E ~ 272V mm ', the droplet went through a prolate-to-oblate
deformation transition. This E-field threshold is referred to as the
critical yield point of the droplet, E. The droplet yielded when the
total magnitudes of the applied electric stress and the capillary
stress (originating from the surface tension between the liquids)
were sufficiently large to overcome the mechanical resistance of
the particle layer. This experiment demonstrates that the particle
layer of an arrested Pickering droplet subjected to compressive
electric stress resembles a Bingham plastic material. That is, it
behaves like a solid material at low applied stresses and becomes
liquid-like when the applied stress exceeds a yield stress point.

We noted that shortly before turning off the E-field (~520 s
in Fig. 2), the droplet was compressed to such an extent that the
particle layer unjammed. Nevertheless, as soon as the E-field
was switched off, the droplet relaxed (D changed by ~0.1),

This journal is © The Royal Society of Chemistry 2021
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causing the particles to jam again; hence the main part of the
oblate deformation remained. The inset images in Fig. 2 show
how the arrested Pickering droplet was compressed from a
prolate shape into an oblate geometry (see also Movie S3, ESIT).
The arrows schematically indicate the direction of the electric
forces that acted on the droplet.

The evolution of the Pickering droplet’s deformation can
also be studied with a test in which the droplet is subjected to
an E-field of constant strength for a long time, rather than to an
E-field that is stepwise increased. Such a bifurcation measurement
requires more time and effort than the experiment presented
above. However, it may provide more precise estimates of the
values of the yield point and enables studying the deformation
dynamics.

In Fig. 3, we present the results of a bifurcation experiment
performed on a non-spherical PE particle-covered droplet
studied at different E-field strengths (114-796 V mm™'). At
each E-field strength, the data were collected for up to two
minutes. We re-shaped the droplet (see the procedure
described in Section 2.3) before each experiment to obtain
the same initial non-spherical geometry; that is, the minor axis
is 2.5 mm and the major axis is 4.0 mm. In lower E-fields (up to
256 V. mm™ '), the droplet’s deformation was small, and the
droplet reached a stable prolate state (shown in Fig. 3). This
occurred because the applied electric stress was not strong
enough to overcome the elastic energy of the particle shell, and
the droplet stayed in a prolate shape. When the droplet was
subjected to stronger E-fields; that is, £ > E, =257 V mm Y, it
deformed continuously from a prolate into an oblate shape.

We found that above the critical E-field strength, the prolate-
to-oblate deformation transition time varied with the applied
E-field strength. For example, at E = 257 V. mm ™, the transition

0.1F
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—v— 256 Vmm™"
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Fig. 3 Bifurcation measurement. Deformation dynamics of an arrested PE
Pickering droplet (major axis = 4.0 mm, minor axis = 2.5 mm) covered with
30 pm PE particles under different DC E-field strengths. In weak E-fields,
the particle shell deformed slightly but remained in a prolate-like shape.
Above the critical E-field, the droplet changed its geometry continuously
from a prolate into an oblate shape.
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took several seconds, whereas at £ = 796 V. mm ™ it took less
than a second. While performing this experiment, we also
observed that depending on the strength of the applied
E-field, the electric stress was absorbed differently by the
Pickering droplet (through in-plane or out-of-plane particle
rearrangements). We investigate and discuss this observation
in Section 3.4.

The value of the yield point obtained from the bifurcation
test (257 Vmm ) differs slightly from the value estimated from
the first experiment in which the E-field strength was stepwise
increased (272 V mm ™). The difference may arise from applying
different methodologies since in the experiment presented in
Fig. 2, we changed the E-field strength in steps of ~15V mm™".
It can also result from a difference in the initial geometry of the
studied Pickering droplets (the initial droplet in the experiment
presented in Fig. 3 was more elongated than the one shown in
Fig. 2). We therefore decided to study the influence of the
droplet’s initial geometry on the deformation and yielding of a
non-spherical Pickering droplet.

3.2. Effect of initial droplet geometry on deformation and
yielding

We prepared five Pickering droplets with the same volume
(within an error of less than 3%) but different shapes and
subjected them to E-fields between 0 and 260 V mm ™ *. Except
for particle size (now 50 pum), the other parameters, such as
particle material and oil type, were the same as in the experiments
described in the previous section. Fig. 4a presents the
deformation values plotted against the applied E-field strength
for the Pickering droplets with different initial shapes (shown
in the inset images of Fig. 4a). The results show that the more
elongated Pickering droplets (with larger asphericity) yielded at
higher E-field strengths. We here assumed that the droplets
had an axisymmetric shape and that they were initially ellipsoidal.
Thus, the asphericity (its degree) of the initial shape of a droplet
can be defined by the local curvature at the droplet’s electric pole,
x = b/a®, where a and b are the minor and major semi-axes of an
ellipsoid. In the inset of Fig. 4a, we normalized the data by
dividing the argument values by /k. All the data, except the
values for the droplet that was initially the least deformed,
collapsed into one master curve, indicating that E, o \/x. The
data points marked with up-pointing blue triangles (droplet no. 5)
lay outside the master curve because this nearly spherical droplet
began electrorotating at E > 200 V mm " (this phenomenon is
explained in detail in ref. 51). As a result, a stronger E-field was
required to compressively deform the droplet.

The droplets in Fig. 4a had different prolate asphericities
but also different aspect ratios b/a. To exclude the role of the
aspect ratio in the droplet’s deformation and yielding (and to
present the curvature dependence), we performed an additional
set of experiments. We used three Pickering droplets of different
volumes (10-23 mm?) but with the same aspect ratio b/a ~ 1.8
(see images in Fig. 4b). The droplets were subjected to E-fields of
different strengths (increased stepwise). Again, we found that the
value of E, was higher for the particle shells with larger curvature

Soft Matter, 2021,17, 5006-5017 | 5009
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Influence of the droplet’s initial geometry on deformation and yielding. (a) Arrested non-spherical PE Pickering droplets made of 50 um PE

particles subjected to DC E-fields of different strengths. The initial droplet geometries varied, as shown in the inset images. (b) Arrested Pickering droplets
with different volumes but with the same aspect ratio b/a ~ 1.8. The droplets (covered with 30 pum PE particles) were subjected to DC E-fields of different

strengths (increased stepwise). In the inset, we plot the collapsed data.

values (see Fig. 4b). For example, the largest droplet yielded at
E ~ 250 V mm ', while the smallest droplet yielded at
E ~ 284 V. mm . In the inset of Fig. 4b, we plot D versus
Ex "2, and the collapsed data indicate that E, o /.

3.3. Influence of particle size on deformation and yielding

In the next experiment, we study the effect of particle size on
the mechanical properties of particle shells. We prepared non-
spherical Pickering droplets covered with PE particles of sizes
ranging from 2 to 100 um. The initial shapes of all the droplets
were similar, and they had similar volumes (within an error of
less than 3%). The droplets were subjected to DC E-fields
ranging from 0 to 285 V. mm™'. We found that the critical
E-field for yielding (i.e., deforming a droplet into an oblate
shape) depended on the size of the particles on the droplet’s
interface (Fig. 5). For example, for a particle shell composed of
2 um PE particles, the critical E-field was around ~250 Vmm ™,
whereas for a particle shell composed of 100 pm PE particles, the
critical E-field was ~285 V mm™". We found that the critical
E-field scaled as E, oc d”°* (see inset plot in Fig. 5) for a
Pickering droplet that was initially ellipsoidal with an aspect
ratio b/a ~ 1.5.

Unlike elastic membranes on droplets/bubbles, shells made
of particles can undergo structural changes; that is, the particles
can change positions relative to their neighbours. This, in turn,
helps to accommodate the applied stresses. In Movie S4 (ESIT),
we demonstrate, with a few examples, how particles rearrange
in-plane, enabling the droplet to change its shape.

Particle shells on curved interfaces may also deform by
buckling through ridges, folds, or wrinkles.”*>> As we will
show in the next section, the rate of compression will determine
the buckling mode. In the experiment of which the results are
shown in Fig. 5, we observed the formation of several bumps
with small amplitudes. These bumps, observed typically at Ey/2
< E < E,, were formed near the electric equator of the droplet.
Their localization is not very symmetric, which could be the
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Fig. 5 Effect of particle size on droplet deformation. Deformation of
silicone oil droplets covered with PE particles of sizes ranging from 2 to
100 pm. The magnitude of droplet deformation is plotted against the
applied E-field. The major and minor axes of the droplets were 4.4 and
2.9 mm, respectively (b/a ~ 1.5). The value of E, is plotted vs. the particle
diameter. The standard deviation bars are estimated from two series of
experiments. The dashed lines indicate the continuous prolate-to-oblate
shape transition.

effect of the geometrical disorder in the particle shell. We note
that the particles used in the experiments were slightly poly-
dispersed. Thus, a geometrical disorder of particle positions
perpendicular to the mean plane of the monolayer is expected.
These geometrical deviations may contribute to the deformation
of the particle shell by the mechanisms of the particle overlapping
and disentanglement.’® These phenomena may cause local out-of-
plane deformations that result in the densification of the mono-
layer and a reduction in the surface area occupied by the particles.
This, in turn, enables shape changes of a Pickering droplet.

In general, we observed less in-plane particle motion
for bigger particles (=50 pum) than for smaller particles.

This journal is © The Royal Society of Chemistry 2021
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Qualitatively, the behaviour of shells composed of bigger
particles resembles that of a granular arch. Pitois et al®®
studied the collapsing of armoured bubbles and droplets by
deflation. They observed a transition in particle shell deformation
depending on the ratio of particle size to droplet size. Like us, they
found that droplets covered with small particles were easier to
deform than those covered with larger particles.

Structured interfaces can also absorb compressive stress by
the expulsion of material into one of the liquid phases.’”
We did not observe this process in the system studied here. The
microparticles used in our experiments were rather large and
therefore strongly bound to the silicone oil—castor oil interface (with
a binding energy ~10%*37),> thus preventing particle expulsion.

3.4. Absorption of electric stress by the particle shell

As noted in Section 3.1, we observed that a Pickering droplet
absorbed the electric stress differently depending on the
strength of the applied E-field. To investigate this phenomenon
further, we performed additional experiments to study the
influence of both the compression dynamics and the particle
size on the wrinkling of particle shells. The Pickering droplets
used in the experiments were covered with PE particles of sizes
ranging from 2 to 100 um. The droplets had similar volumes
and initial shapes. They were suspended in castor oil and
subjected to E-fields of strengths 350, 700, and 1050 V. mm ™.
Under these E-fields, the droplets continuously deformed from
prolate into oblate shapes. When the weakest E-field (with a
strength of 350 V. mm™") was applied, the particle shells
deformed slowly. The droplets deformed from a prolate into
an oblate shape without an observable formation of wrinkles at
their particle shells or irregular folds with small amplitudes
(see Fig. 6a and Fig. S2, ESIt).
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t=21s

t=05s
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Slow compression of particle shells facilitate in-plane
particle rearrangements analogous to the gliding of grain layers
in granular flows.*® In response to the compressive electric
stress, the surface particles started to move relative to one
another. We observed several slip lines appearing during shell
compression. A similar phenomenon was observed and
presented in ref. 37. Note that in stronger E-fields of 700 and
1050 V. mm %, the particle shells deformed considerably faster
(see Fig. 6b and c). Consequently, the particles did not have
sufficient time to rearrange and thus deformed out-of-plane,
forming more regular wrinkles. The wrinkles were formed
perpendicular to the applied electric field, as the particle layer
was compressed in the direction from the electric poles to the
electric equator, as indicated by the arrows in Fig. 6c.

At the strongest E-field strength (1050 V mm ™), we observed
wrinkling of particle shells on all droplets (see Fig. 7 and
corresponding Movie S6, ESIt). The wrinkling pattern can be
quantified in terms of the wrinkling wavelength. Because the
wrinkling wavelength is sensitive to the strain,” it had to be
measured in such a way that we could compare the results of
the droplets coated with particles of different sizes (which have
a different deformations at different times). We decided to
measure the wavelength of the wrinkles that were formed close
to the electric equator of a droplet, at the time when the droplet
was slightly oblate (see the droplets marked with the dashed
rectangle in Fig. 7a-d), that is, when the wrinkles could be
clearly observed. In Fig. 7e, we plot the wavelength values (1)
against the particle diameter d. We found that the wrinkling
wavelength scaled roughly as 1 o v/d. Similar scaling behaviour
was reported by researchers who studied wrinkling of particle
monolayers formed on either flat liquid-air interfaces®®' or
liquid-liquid interfaces.’

t=26s

"ESR]
J¥
SRR B
“.’.a e
huhd

t=1.1s

—

t=0.6s t=0.7s

Fig. 6 Deformation of particle shells at different E-field strengths. Arrested droplets with PE particle shells composed of 2 um PE particles. Initially, at
t = 0 s, the particle shells were ellipsoidal, with a major axis of ~3.9 mm and a minor axis of ~2.6 mm. The particle-coated droplets were subjected to
E-fields of strengths (a) 350, (b) 700, and (c) 1050 V mm™* applied in the horizontal direction, as indicated by the arrows. In these E-fields, the droplets
continuously deformed from prolate into oblate shapes. See also corresponding Movie S5 (ESI1).
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Fig. 7 Wrinkling of particle shells. Four droplets covered with PE particles
of different diameters, (a) 2 um, (b) 18 um, (c) 30 um, and (d) 50 pum, were
subjected to an E-field of strength 1050 V mm™* applied in the horizontal
direction, as indicated by the arrows. Initially, at t = O s, the particle shells
were ellipsoidal, with a major axis of ~3.9 mm and a minor axis of
~2.6 mm. (e) A log-log plot of the measured crumpling wavelength of
the deformed particle shells as a function of the particle size. See also
Movie S6 (ESI).

We fitted the data with the square root power function
(dashed line in Fig. 7e) to compare our results with the results
of other studies. We found that the wavelengths of the wrinkles
(A =0.04d°>) were shorter than those reported for particle layers
on flat interfaces. For example, A, = 0.244°*° and /; = 0.25d"°
were reported by Vela et al.®* and Jambon et al.,®® respectively.
The shorter wavelengths observed for our particle shells are due
to the curvature of the interface. Any deformation on a curved
interface yields an additional strain contribution that increases
the elastic energy of the particle layer, which in turn gives rise
to shorter wavelengths. The wavelengths observed here are also
shorter than those reported in our previous studies on particle
shells formed on mm-sized droplets (A = 0.07d*").>® This
difference in wavelength is to be expected because a particle
shell is strained more by compressive stress than by hoop
stress, as demonstrated in ref. 55.
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While performing the experiments on the Pickering
droplets’ prolate-to-oblate transition at various strengths of
the E-field, another feature caught our interest. Depending on
the compression dynamics (ie., the E-field strength), the
particle-covered droplets underwent different shape transfor-
mations at the intermediate stages of the transition. In Fig. 8a,
we present images of the experiment on Pickering droplets
made of 2 pm particles (shown in Fig. 6). This time, we chose
the frames of the recorded videos in such way that we could
compare the droplets’ shapes at similar stages of the prolate-to-
oblate transition. Using the MATLAB software suite (see ESIT
for the MATLAB code), we estimated the curvature values
along the droplets’ edges. The automatically detected droplets’
contours, together with the calculated color-coded values of the
curvature, were added to the experimental images.

The difference between the droplets’ projected two-
dimensional (2D) shapes is clearly seen in the middle column
of Fig. 8a. The contour of the Pickering droplet subjected to the
weakest E-field resembles a rhombus shape, whereas that of the
Pickering droplet subjected to the strongest E-field is nearly
spherical. A similar tendency was also observed for droplets
covered by larger particles of 18-50 um (see Fig. S3, ESIt).

We further computed the data to present the curvature
distributions at different stages. The results are displayed using
polar plots to properly appreciate the variations in curvature
values along the polar angle (Fig. 8b) and bar plots to show the
probability distribution (Fig. 8c). For the sake of image clarity,
we show the data only at three characteristic times: before the
application of the E-field, in the middle of the prolate-to-oblate
transition, and just before the E-field was turned off. For the
full analysis, see corresponding Movie S7 (ESIt).

The polar plots presented in Fig. 8b reveal how the curvature
varies as a function of the direction. As expected, the maximum
values of the curvatures of all three initial droplets (before the
application of an E-field) align with the first principal curvature
direction (see left panel in Fig. 8b). From the histogram shown
on the left panel of Fig. 8c, we learn that the probability
distribution of the curvature values is bimodal for all three
droplets, with the major mode located at ~0.4 mm ™.

After the E-field was applied, the Pickering droplets acquired
distinctively different shapes. In the middle of the transition,
the curvature variation along the polar angle is very different for
the three Pickering droplets. The droplet that was compressed
slowly (at E = 350 V mm™ ") developed a nearly bicone shape
(a similar shape can also be observed when two liquid marbles
coalesce via collision).®* The contour drawn around the
droplet’s 2D projection resembled a square, with maximum
curvatures aligning in both principal polar directions and
nearly flat regions in the ordinal directions. On the other hand,
the Pickering droplet that was compressed very fast (subjected
to E = 1050 V. mm ") acquired an almost spherical shape.
The contour drawn around that droplet’s projection is almost
a circle, and the curvature values are similar in all directions
(see the middle panel of Fig. 8b, green line). Consequently, the
probability distribution of the curvature also differs for each
droplet. The distribution is almost uniform for the droplet

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 Deformation of particle shells at different E-field strengths. Arrested droplets with particle shells made of 2 um PE particles. The droplets were
subjected to E-fields of strengths 350-1050 V mm™ applied in the horizontal direction, as indicated by the arrows. (a) Series of experimental images with
added color-coded contours representing the values of the curvature (in mm™Y). The same color scale applies to all the images. (b) The estimated
curvature values plotted against the 2D polar angle. (c) The curvature distributions are presented using bar charts. See also corresponding Movie S7 (ESIT).

subjected to the weakest E-field, whereas the histogram for the
droplet subjected to the strongest E-field approaches a Dirac
distribution centred at ~0.7 mm™ . Eventually, all the droplets
obtained a similar oblate shape, and the data for the three
droplets overlap again (see the right panels of Fig. 8b and c).
As already discussed, the slow compression of the particle
shells enables in-plane particle rearrangements (possibly leading
to a higher particle packing). This process costs less energy than
the out-of-plane particle shell deformation and is therefore more
favourable. Thus, in weak E-fields (just above E,), the particle-
coated droplet obtains a bicone-like shape when transiting from
a prolate into an oblate geometry. By contrast, the higher
compression speeds (for a stronger E-field) allowed a deformation

This journal is © The Royal Society of Chemistry 2021

with minimal time-dependent behaviour of the particles. The
electric stress acting on the non-spherical Pickering droplets
was absorbed mainly by the buckling of the particle shell buck-
ling, as the particles had not enough time to rearrange themselves
on the droplet’s surface.

Let us now investigate, with a new set of experiments, how
the initial shape of a Pickering droplet affects the morphologies
of the wrinkles. We prepared Pickering droplets of equal
volumes (within an error of less than 3%) but with different
geometries (see the images in the left column of Fig. 9).
The Pickering droplets were then subjected to an £ ~ 320 V mm ™",
We found that more elongated droplets deformed slower into
an oblate shape than less elongated droplets (with time

Soft Matter, 2021,17, 5006-5017 | 5013
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Fig. 9 Wrinkling of particle shells of different geometries. Droplets of equal volumes but different geometries were made of silicone oil covered with
30 um PE particles. The different geometries of the Pickering droplets: (a) major axis = 4.6 mm, minor axis = 2.39 mm; (b) major axis = 4.12 mm, minor
axis = 2.42 mm; (c) major axis = 3.98 mm, minor axis = 2.58 mm; and (d) major axis = 3.6 mm, minor axis = 2.63 mm. The shells were subjected to a DC
E-field of 320 V. mm~* applied in the horizontal direction, as indicated by the arrows.

measured from the application of the E-field to the moment
that the droplet obtains an oblate geometry). In Fig. 3, we show
that the prolate-to-oblate deformation time decreased when the
difference £ — E, increased, where E is the applied E-field
strength and E, is the E-field threshold at which the droplet
yields. From the results shown in Fig. 4a, we also observed that
more elongated droplets (of the same volume) yielded at higher
E-field strengths owing to differences in rigidity stemming from
differences in curvature. The difference £ — E, is thus smaller
for the more elongated droplets, explaining why they deform
slower than more spherically shaped droplets (compare Fig. 9a
and d).

During the deformation transition from a prolate into an
oblate shape, the droplet’s surface area (4) changed; it
decreased in the first phase and then increased. The change
in surface area (AA) was greater for Pickering droplets that
were initially more elongated than for droplets that were
initially more spherical. Thus, the particle shells formed on
the elongated droplets crumpled, with many clear folds with
large amplitudes (Fig. 9a and b), to accommodate this large
change in surface area during the shape transition. The shells
formed on less elongated droplets (Fig. 9c and d) formed rather
irregular and less apparent folds and ridges. In general, the
buckled structures are not very symmetric, which we believe is
the effect of the geometrical disorder in the particle shell.

3.5. Deformation of asymmetric shells formed on droplets

In Sections 3.2 and 3.3, we studied the effect of the initial
droplet geometry and particle size on the deformation and
yielding of a Pickering droplet. We concluded that a more
aspheric droplet and/or a droplet covered with a shell made
of larger particles required higher electric stress (i.e., a stronger

5014 | Soft Matter, 2021,17, 5006-5017

E-field) to deform and yield than a droplet that is more
spherical and/or covered with a shell made of smaller particles.
Here, we study asymmetric Pickering droplets with a homo-
geneous shell (composed of one particle type) and a hetero-
geneous shell (consisting of two parts with different particle
types).

In the first case, we prepared an asymmetric Pickering
droplet with a homogeneous shell by coalescing two droplets
of different sizes (~1.6 and 2.7 mm). One part of the shell was
more curved than the other part (see Fig. 10a). Subjected to an
E-field of 300 V mm™?, the particle shell folded at the right part
of the shell. This result is consistent with our experimental data
presented in Section 3.2 since the shell yielded at the less
curved side of the particle shell.

We also prepared three Pickering droplets with a hetero-
geneous shell. The shells were composed of white 2 pm PE
particles and red 50 pm PE particles (Fig. 10b), red 50 um PE
particles and white 2 um PE particles (Fig. 10c), and green
100 pm PE particles and white 2 um PE particles (Fig. 10d).
The droplets were slightly rounder on one side (the right side of
the images in Fig. 10b and c). We designed one droplet with
bigger particles on the more spherical part of the shell
(Fig. 10b), while for the other droplet, the bigger particles were
on the most aspherical part of the shell (Fig. 10c). The Pickering
droplets were subjected to an E-field of 300 V mm ™" (above the
critical E-field for yielding). At this E-field strength, the particle
layer on both Pickering droplets folded at the more spherical
part of the shell, regardless of whether this part of the shell was
composed of smaller or larger particles. The result indicates
that the difference in mechanical properties of the shell
(frictional and/or elastic), as determined by particle size, is
too small to be dominating. Thus, for such asymmetrically

This journal is © The Royal Society of Chemistry 2021
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(d) E

Fig. 10 Asymmetric Pickering droplets subjected to electric stress. (a) A homogeneous shell was made of blue 30 um PE particles. (b—d) Heterogeneous
particle shells were composed of (b) white 2 pm PE particles and red 50 um PE particles, (c) red 50 um PE particles and white 2 um PE particles, and (d)
green 100 um PE particles and white 2 um PE particles. The Pickering droplets were subjected to an E-field of 300 V mm™2. The particle shells deformed
through (a—c) one main fold or via (d) inward indentation. The direction of the E-field was horizontal, as indicated by the arrows. During compression,
a vertical inward fold was formed at the right part of the heterogeneous shells. See Movie S8 (ESIt) for a video of the deformation dynamics.

shaped Pickering droplets, the geometry of the particle shell
(i.e., its curvature) prevails over the mechanical properties of
the particle shell.

In Fig. 10a-c, the particle shells deformed through one main
fold. However, the droplet’s deformation may also proceed
through inward indentation. In Fig. 10d, we show the deformation
of an aspherical peanut-like shell. Initially, before the application
of the electric stress, the right part of the shell was flat. Subjected
to an E-field, this flat part bent inward forming a concave
cup-like shape. In the system studied here, the electric stress
acts on the entire shell, with its magnitude distributed
unevenly along the polar angle. However, the strongest force
(in the normal direction to the shell surface) acts on the
droplet’s electric pole. Thus, it can be assumed (with some
approximation) that the experiment with the electric field
resembles the indentation tests of ellipsoidal shells.®*** For a
capsule with a thin shell (fulfilling the requirement #,/r « 1,
where r is the radius and ¢, is the thickness), the axial stiffness
of the shell scales proportionally to the curvature k. As the shell
is nearly flat on the right side of the arrested droplet, k — 0,
and the electric stress near the electric pole is balanced only by
capillary forces and the pressure difference across the droplet’s
interface, whereas there is a nearly zero contribution from the
elasticity of the particle shell. This explains why the right part of
the shell bent inward.

This journal is © The Royal Society of Chemistry 2021

4 Conclusions

In a three-phase system consisting of silicone oil, castor oil, and
electrically insulating particles, the application of a DC E-field
resulted in the generation of stress acting compressively on a
Pickering droplet. We used such an E-field to study the
deformation, yielding, and crumpling of non-spherical particle
shells formed on droplets. Our experimental results show that
both the initial geometry and the size of the droplets, as well as
the size of the particles, influence the deformation and yielding
of non-spherical Pickering droplets. For example, a more
aspheric droplet and/or a droplet covered with larger particles
required higher electric stress (i.e., a stronger E-field) to yield
and to deform from a prolate into an oblate geometry. We also
investigated the crumpling of particle shells and observed that
a Pickering droplet absorbed the electric stress differently
depending on the strength of the applied E-field. That is, slow
compression of particle shells facilitated in-plane particle rear-
rangements that promoted the formation of ridges, whereas
fast compression resulted in the formation of wrinkles on the
particle shells. Interestingly, the Pickering droplets acquired
distinctively different shapes when transiting from prolate into
oblate geometries depending on the compression speed.
Many studies have been devoted to the characterization
of the rheological properties of particle-coated droplets

Soft Matter, 2021,17, 5006-5017 | 5015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sm00125f

Open Access Article. Published on 21 April 2021. Downloaded on 6/13/2026 4:32:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

(and flat particle-coated interfaces). However, most experi-
ments are limited to slow deformations. Our results contribute
to a better understanding of the dynamic deformation of
particle-laden interfaces with curvature.

We also found that particle shells formed on more elongated
droplets crumpled with many clear folds with large amplitudes,
as compared with shells formed on less elongated droplets.
Moreover, the wrinkling wavelength of the particle monolayer
also depended on the particle diameter, and it scaled as v/d,
meaning that a particle shell composed of bigger particles
wrinkles at a higher wavelength. This confirms again that
wrinkling phenomena show universal scaling behavior, as
proposed by Cerda and Mahadevan in their article on the
physics of wrinkling.®> Finally, we studied the absorption of
electric stress by asymmetric Pickering droplets. We found that
particle shells can deform either through folding or through
inward indentation.

Given the limited knowledge of the mechanics of non-
spherical Pickering droplets probed by E-fields, we hope to
have provided an entry point for further theoretical and experi-
mental studies. Future experimental studies should investigate
how particle properties, such as electrical conductivity,
dielectric permittivity, cohesiveness, particle packing, and
particle disorder, affect the stability and mechanics of
Pickering droplets subjected to E-fields. It would also be inter-
esting to study the particle rearrangements in detail (e.g., by
microstructure characterization using microscope images of a
zoomed-in region) during the deformation of the particle
shells. This would surely help to better understand the micro-
structural mechanisms underlying particle shell deformation
(similar to studies on arrested coalescence of Pickering emulsion
droplets).*? This research can also be extended to investigations
of the effect of the morphology of droplet stabilizers, such as
different particle shapes®® and particle mixtures (as in experi-
ments with liquid marbles),’” on the viscoelastic properties of
arrested Pickering droplets with jammed particle shells.
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