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ABSTRACT: Similar to the human skin, a monolayer of packed particles
capillary bound to a liquid interface wrinkles when subjected to compressive
stress. The induced wrinkles absorb the applied stress and do not disappear
unless the stress is removed. Experimental and theoretical investigations of
wrinkle formation typically concern ﬂat particle monolayers subjected to uniaxial
stress. In this work, we extend the results on wrinkling of particle-covered
interfaces to the investigation of mechanical properties of particle ﬁlms on a
curved interface, that is, we study particle shells formed on droplets and
subjected to hoop stress. Opposed to ﬂat particle layers where liquid buoyancy
alone acts as the eﬀective stiﬀness, the mechanical properties of particle layers on
small droplets are also aﬀected by the surface curvature. We show here that this
leads to formation of wrinkles with diﬀerent characteristic wavelengths compared
to those found at ﬂat interfaces. Our experimental results also reveal that the
wrinkle wavelength of particle shells is proportional to the square root of particle size and the size of the droplets on which the
shells are formed. Wrinkling of particle layers composed of microparticles with diameters ranging from around 1−100 μm was
induced using a novel approach combining electrodeformation and electrohydrodynamic ﬂows. We demonstrate that our
contactless approach for studying the mechanical properties of particle shells enables estimation of elasticity, particle ﬁlm
thickness, and bending stiﬀness of particle shells. The proposed approach is insensitive to both particle coverage and electric
ﬁeld strength. In addition, it enables manipulation of particle packing that is intimately linked with formation of wrinkling
patterns. With a wide range of applications depending on accurate mechanical properties (e.g., drug-delivery capsules to selfhealing materials), this work provides a valuable method to characterize the mechanical properties of shells and tailor their
surface properties (i.e., permeability and roughness).
KEYWORDS: particle monolayer, particle shells, Janus shells, wrinkling, droplets, electric ﬁeld, elasticity, bending stiﬀness

1. INTRODUCTION
From viral capsids to elastic red blood cells to pollen grains,
nature provides structures with shells that oﬀer extraordinary
properties, for example, the ability of viruses to self-assemble
to diﬀerent shapes or structures and the capacity of red blood
cells to undergo cellular deformation.1−3 Diﬀerent types of
shells can also be synthesized by various methods using
materials such as lipid molecules, polyelectrolyte macromolecules, synthetic block copolymers, or solid particles.4−6
Such artiﬁcially made shells hold promise for a variety of
applications (e.g., for fabricating advanced structures7 or for
microencapsulation8,9) and are also very attractive systems for
mimicking the physical features of shells found in nature.10 To
realize and develop the applications of artiﬁcially produced
shells, it is important to understand, characterize, and tailor
their mechanical and surface properties. The characterization
of mechanical properties of shells is of fundamental
importance for applications and products within biology,
cosmetics, food, and textile industry.11 New techniques for
mechanical characterization of shells (i.e., Young’s moduli,
© 2019 American Chemical Society

bending stiﬀness, thickness, and Poisson’s ratio) and shell
manipulation are therefore essential and have attracted
considerable attention in recent years.4,12−16
Compression is a common technique for probing the
mechanical properties of materials, for example, elastic ﬁlms
resting on a liquid or solid foundation.17,18 A particle
monolayer on a liquid interface represents a complex elastic
ﬁlm where particles can rearrange and jam. Depending on the
compressive strain, the applied stress can be accommodated
by particle rearrangements or out-of-plane deformation. The
latter induce wrinkling patterns that have been used to
estimate the mechanical properties of particle ﬁlms on ﬂat
interfaces.19−21 However, probing mechanical properties of
particle ﬁlms using this method can be challenging for certain
liquids and particles, that is, to produce a particle monolayer,
to avoid particles from sliding on walls during compression,
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particle shells? (ii) Are the mechanical properties of particle
shells aﬀected by parameters such as the particle and shell size,
particle coverage, and electric ﬁeld strength? and (iii) How do
deformation cycles inﬂuence the packing of particle layers of
shells? To answer these questions, we formed shells by
binding a monolayer of polyethylene (PE) particles (size from
around 1−100 μm) to the interface of silicone oil droplets.
The droplets were suspended in castor oil, and an electric ﬁeld
was applied both to synthetize a particle shell on the droplets
and later to wrinkle these shells. Under electric ﬁeld-induced
compression, the particle layer at the shell interfaces formed
wrinkles to accommodate the electric stress. We used simple
theories for crumpling of particle shells to calculate the
Young’s modulus and bending stiﬀness of the shells.
We found that electric ﬁelds can be used to induce
wrinkling of particle shells through shell compression and that
the wavelength of the particle layer increases with increasing
particle size and decreases with increasing shell curvature.
Moreover, the bending stiﬀness of the particle shells increased
with particle size. By performing deformation experiments on
a Janus shell (shell with two domains of diﬀerent physical
properties), we demonstrated that the mechanics of two (or
more) shell domains can be probed at the same time.
Likewise, we show that the mechanics of several homogeneous
shells can be probed simultaneously. We also found that
deformation cycles (droplet compression−stretching process)
can be used to increase the particle packing of particle shells
and remove wrinkles. Our method for controlling the particle
packing of shells is particularly valuable for the stabilization of
shells and to facilitate delivery and release of their
encapsulated material, that is, for targeted drug delivery or
self-healing materials. Overall, our ﬁndings indicate that the
application of electric ﬁelds is a solid approach for probing the
mechanical properties of shells and to form or manipulate
regular wrinkling patterns on shell interfaces.

and to prevent destabilization of particle layers into droplets.
Many of these challenges can be solved by attaching the
particle monolayer to a curved interface.
Here, we investigate the wrinkling and mechanics of particle
shells formed on curved interfaces. Such particle shells can be
formed on droplets where particles of nano- and micrometer
size adhere to droplet interfaces.22−24 Adding particles to a
droplet interface may drastically change the mechanical and
rheological responses of the droplet (e.g., slow down shape
kinetics16,25 and promote shearing over droplet compression26), and the formation of a particle monolayer introduces
characteristics of elastic sheets.16,23,27 The particle layer of a
shell can support anisotropic stresses and strains28,29 and form
wrinkles above a critical compressive stress,30 similar to
particle monolayers on ﬂat interfaces. However, opposed to
ﬂat particle layers on liquids where only liquid buoyancy acts
as the eﬀective stiﬀness, mechanical properties of the particle
layer on small droplets are also aﬀected by the surface
curvature. As we will show in the Results and Discussion
section, this leads to formation of wrinkles with diﬀerent
characteristic wavelengths compared to those found at ﬂat
interfaces. The wavelength of wrinkle patterns can be analyzed
to characterize mechanical properties such as elasticity,
bending stiﬀness, and thickness of the shell.30,31 In addition
to mechanical properties, wrinkling patterns also oﬀer various
practical applications, from tailoring surface adhesion properties32 to drag reduction,33 fabrication of microgears for
microelectronics,34 and sieving particles.35
Mechanical properties of shells have been probed by shear
ﬂows,36,37 microﬂuidics,38 volume compression and expansion
approaches,30,39−42 mechanical point force loads,43,44 magnetic ﬁelds,31 and electrostatics.45 Another approach for
investigating the mechanics of shells is via application of an
external electric ﬁeld. When subjected to an electric ﬁeld,
shells can be compressed or stretched by electric forces acting
on charges at the shell interface.16 An electric approach as
presented in this article is noninvasive, has noncontact
exertion of force, can be used to manipulate several shells
simultaneously, and is easily implemented and scaled up
without the necessity of constructing a complex costly
experimental setup. Despite the control and advantages of
the approach, research on wrinkling of particle shells is
deﬁcient, and studies on shell mechanics probed by electric
ﬁelds are only brieﬂy reported in the literature.16,46,47
Here, we probe the mechanical properties of particle shells
through electric ﬁeld-induced wrinkling. The approach for
inducing wrinkles that we present here is distinctively diﬀerent
from the previously reported methods. In contrast to the
previous methods that employ tensile stress, local indention,
or deﬂation, wrinkling of particle shells is here achieved
through hoop stress generated by combining electrodeformation with particle assembly and droplet shape relaxation.
When subjected to an electric ﬁeld, a particle shell deforms
while electrohydrodynamic (EHD) ﬂows compress the
particles in a ribbon at the shell equator. By turning oﬀ or
changing the polarity of the electric ﬁeld, the shell relaxes back
to a spherical shape via surface tension or electric stress. This
creates a circumferential compressive (hoop) stress and
subsequently wrinkles (described in detail in Section 2.4).
The questions of principal interest in this article are the
following: (i) Can electric ﬁelds be used to probe the
mechanical properties (i.e., elasticity, bending stiﬀness, and
thickness) of homogeneous and heterogeneous (Janus)

2. METHODS
2.1. Materials. The particle shells used in our experiments were
composed of PE particles with diameters between 1 and 106 μm
(purchased from Cospheric LLC with electrical conductivity σpe < 1
× 10−20 S/m, relative permittivity εpe ≈ 2.1, and density ρpe ≈ 0.98
g/cm3) and were made on droplets of silicone oil (VWR Chemicals,
Rhodorsil 6678.1000, electrical conductivity σin ≈ 5 pS m−1, relative
permittivity εin ≈ 2.8, density ρin ≈ 0.96 g/cm3, and viscosity μin ≈
50 mPa·s at room temperature) suspended in castor oil (SigmaAldrich 83912, speciﬁc density of ρex ≈ 0.96 g/cm3, electrical
conductivity σex ≈ 50 pS/m1, relative permittivity εex = 4.7, and
viscosity μex ≈ 750 mPa·s at room temperature). Larger PE particles
of size up to 250 μm were used for the ﬂat interface experiment
presented in Figure S8. The PE particles had a small aﬃnity toward
silicone oil (the three-phase contact angle of the particles at the
silicone oil droplet−castor oil interface was 65 ± 5°, referenced
against castor oil), and the particles were energetically bound to the
silicone oil−castor oil interface (binding energy ≈ 104kBT). For
convenience, we purchased PE particles with diﬀerent colors, that is,
to make it easier to locate particles of diﬀerent sizes, for example,
when performing experiments on Janus shells. A dispersion of PE
particles (0.2−14 wt %, see Table S1) and silicone oil was formed by
mechanical stirring. The procedure was followed by a 5 min
ultrasonic bath treatment to minimize particle aggregation. Castor oil
was poured in a sample cell, and then a droplet of the particle
dispersion was made by using a mechanical pipette.
2.2. Experimental Setup. The experiments were recorded using
two digital microscopes (AM7115MZTL and DINO-LITE), and the
observation views were perpendicular and/or parallel to the electric
ﬁeld direction. Two diﬀerent sample cells were used for the shell29397
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wrinkling experiments. The ﬁrst sample cell was made of glass with
two glass walls coated by an electrically conductive indium tin oxide
(ITO) layer. The cell was used to generate uniform electric ﬁelds in
the horizontal direction (see Figure S1a). The second sample cell
had the same dimensions as the ﬁrst cell (10 × 10 × 25 mm) and
allowed us to apply an electric ﬁeld in the vertical direction. By
applying an electric ﬁeld in the vertical direction, we could induce
wrinkling of particle ﬁlms on droplet interfaces in the horizontal
plane. In this second sample cell, the bottom glass wall was coated by
an optically transparent ITO layer to form an electrode. A second
square electrode was movable and made of a copper slab. After a
dispersion droplet was created in a castor oil-ﬁlled cell, the copper
electrode was immersed in the oil (around 15 mm above the bottom
electrode, see Figure S1b). An electric signal was provided to the
electrodes from a voltage generator (SDG1025, Siglent) through a
high-voltage bipolar ampliﬁer (10HVA24-BP1, HVP) that provided
voltages up to 10 kV.
2.3. Particle Shell Formation. At the time a silicone oil droplet
with particles was formed in the castor oil, most of the particles were
inside the droplet. To bring particles to the droplet interface, we
applied a dc electric ﬁeld, as demonstrated in ref 48 and presented in
Movie S1. The PE particles adsorbed strongly to the oil−oil interface
by capillary binding forces.49,50 The strong capillary binding kept the
particles at the droplet interface even when moderate ﬂows of liquid
were induced (either by electric ﬁelds or mechanical stirring) around
the particle-covered droplet. To structure the interfacial particles into
densely packed particle ﬁlms, we applied a dc electric ﬁeld across the
sample cell. The electric ﬁeld induced EHD liquid ﬂows at the
droplet interface. These EHD ﬂows convected the interfacial particles
toward the electric equator of the droplet forming a monolayer
particle ﬁlm. The packing fraction of this particle ﬁlm can be
increased by applying a stronger electric ﬁeld or by cyclically
deforming the droplet.51 Extensive details of the method can be
found in our previous work.52 Janus particle shells were formed using
the same method. In several experiments, we also used droplets with
arrested particle shells. To make a stable nonspherical droplet with
such an arrested particle shell, we coalesce two droplets that initially
were almost fully covered by particles (see Figure S2 and Movie S1).
The particle coverage of the droplets was varied by changing the
particle concentration in the droplets before they coalesced.
2.4. Electric Field Deformation of Droplets and EHD Flows.
When a silicone oil droplet covered with PE (or other weakly
electrically conductive particles) is formed in castor oil and subjected
to an electric ﬁeld, free ions with opposite charges (impurities in the
oils) accumulate at the droplet’s two hemispheres. The electric ﬁeld
acts on these charges and induces an electric stress on the droplet.
The stress compresses (here referred to as deformation mode I as
illustrated in Figure S3) the droplet to an oblate geometry, with the
long droplet axis perpendicular to the electric ﬁeld.52,53 The droplet’s
deformation may be accompanied by the induction of EHD ﬂows if
the particles that form the shell are unjammed. Such liquid ﬂows
convect the surface particles away from the droplet’s electric poles
and pack them in a ribbonlike structure formed at the droplet’s
electric equator. After the electric ﬁeld is turned oﬀ, the droplet
returns to its initial spherical shape. Deformation of droplets can also
be achieved by using ac electric ﬁelds. The frequency of the ac
electric ﬁeld should be lower than around 1 Hz because the charge
buildup time is around 1 s.52 In our experiments we used ac electric
ﬁelds (0.2−0.4 Hz) to cyclically deform droplets (less than 20
deformations to avoid big changes in particle packing, as shown in
Section 3.6). In Figures S3 and S4 and the corresponding
descriptions in the Supporting Information, we describe in detail
the diﬀerences between using dc and ac electric ﬁelds with regard to
droplet deformation and wrinkling wavelengths. As mentioned above,
turning oﬀ the dc electric ﬁeld results in droplet relaxation to its
initial shape. The droplet deformation course is diﬀerent when the
applied electric ﬁeld changes its direction instead of being turned oﬀ.
For example, a droplet covered by a particle shell momentarily
acquires a dipole moment in the same direction as the electric ﬁeld.
The dipole moment does not change direction before the electric

charges at the droplet shell discharge. During this short time (around
0.3 s), the electric ﬁeld stretches the droplet with the particle shell
(deformation mode II) to a prolate shape, that is, the longest axis of
the droplet is parallel to the electric ﬁeld. Thereafter, the charges
build up and deformation mode I starts over again. The cycle repeats
itself after the electric ﬁeld changes its polarity. For more details
about the deformation cycle, we refer to our previous works on
electroshaking.51,54 Note that we have experimentally tested (Figure
S4) that both dc and ac electric ﬁelds types yield shell wrinkles with
similar wavelengths.

3. RESULTS AND DISCUSSION
3.1. Wrinkling of Particle Shells Formed on Droplets.
The central idea of our method for inducing wrinkles on
particle shells is the generation of circumferential compressive
stress on the particle shell. This is achieved by combining
electrodeformation of a particle-covered droplet with the
particle assembly facilitated by EHD ﬂows. A sketch of this
method and the important parameters are presented in Figure
1, and Figure 2 shows the experimental images of a silicone oil

Figure 1. Sketch of electric ﬁeld-induced wrinkling of a particle shell.
(a) An electric ﬁeld deforms a droplet covered by a particle
monolayer and forms openings in the particle layer at the droplet’s
electric poles. (b) After the electric ﬁeld is turned oﬀ, the shell
relaxes back to a spherical shape and the particle monolayer wrinkles.
The particle shell is viewed perpendicular (front view) and parallel
(side view) to the electric ﬁeld. Rc is the radius of curvature along the
wrinkles, and R0 and Rw are the equatorial radii of the shell without
and with wrinkles, respectively.

droplet covered with 3 μm densely packed PE particles.
Before the application of an electric ﬁeld, the particle-covered
droplet is spherical (Figure 2a). Application of an electric ﬁeld
(1 s lasting electric ﬁeld pulse of 450 V/mm) resulted in
droplet deformation that increased the droplet’s surface area
and eﬀectively decreased the particle coverage. During the
droplet compression, EHD liquid ﬂows were induced at the
droplet’s surface. These ﬂows convected the particles at the
droplet interface away from the droplet’s electric poles and
packed them into a ribbonlike structure formed at the
29398
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Figure 2. Electric ﬁeld-induced crumpling of the particle shell formed on a droplet. Particle shell formed on a 2 mm silicone oil droplet composed
of 3 μm PE particles. (a) Initially, in the absence of an electric ﬁeld, the shell is spherical. (b,c) The shell is then subjected to a 1 s lasting electric
ﬁeld pulse of 450 V/m, which deforms the shell. (d−f) After the electric ﬁeld is turned oﬀ, the shell relaxes back toward a spherical shape, and the
particle ﬁlm crumples. (f) Wrinkles vanish as the particle shell relaxes and covers the entire droplet again. Insets (i−iv): as the shell becomes more
spherical, the length and amplitude of the wrinkles decrease but not the wrinkling wavelength. toff indicates the time after the electric ﬁeld was
turned oﬀ. The electric ﬁeld (present in b,c) is in the horizontal direction. (g) The shell deformation and the applied electric ﬁeld are plotted
against time. Shell deformation is deﬁned as D = (d∥ − d⊥)/(d∥ + d⊥), where d∥ and d⊥ are the shell axes parallel and perpendicular to the electric
ﬁeld direction, respectively. See also Figure S4 and Movie S2.

Figure 3. Crumpling of deformed particle shells formed on droplets. Particle shells formed on silicone oil droplets were composed of (a) 3, (b)
19, (c) 49, (d) 58, and (e) 98 μm PE particles. The shells were subjected to an electric ﬁeld pulse of 450 V/mm, which crumpled the particle
layers. All images were captured around 0.5 s after the electric ﬁeld was turned oﬀ. The top images were viewed along the electric ﬁeld direction,
while the bottom images were viewed perpendicular to the electric ﬁeld direction (indicated by symbols). The size of the relaxed spherical
droplets with particle shells was around 2 mm. See Movie S3 for crumpling dynamics.

droplet’s electric equator. Two openings in the particle shell
were thus formed (Figures 1a, 2b,c, and Movie S2). After the
electric ﬁeld was turned oﬀ, the droplet relaxed to its initial
spherical shape at a rate that was faster than the particle ﬁlm
recovery. When the droplet relaxed, the radius of the droplet’s
equator decreased (well-revealed in Figure S5). This, in turn,
created a circumferential compressive stress on the particle
shell, leading to formation of horizontal wrinkles (Figures 1b
and 2d,e). In fact, there was a stress gradient along the droplet
meridian (perpendicular to the droplet equator), that is, the
circumferential compressive stress was the strongest at the
droplet’s equator and vanished for polar angles larger than
∼±20° (see Figure S5). This stress gradient is a result of
geometrical diﬀerences in the curvature and radial displacement.55 As a consequence of the stress gradient, the crumpled
features have a ﬁnite length along the meridian and possess
the largest amplitude at the droplet’s equator. The wrinkling
amplitude along the meridian depends on the equatorial
circumference C and the polar angle θ: 56 f(θ) =

λ [ΔC /C0] /π = λ [R 0(θ ) − R w(θ )] /R 0(θ ) /π w h e r e
R0(θ) and Rw(θ) are the equatorial radii of the shell without
and with wrinkles, respectively (see Figure 1). We measured
the average amplitude of wrinkles formed at the equator of a
1.6 mm particle shell to be f(θ = 0°) = 17 ± 6 μm (see Figure
S5). The wavelengths of the wrinkles were measured to be
210 ± 20 μm, whereas the radius at the droplet equator was
1.05 mm and 0.97 mm before and during wrinkling,
respectively (see Figure S5). Inserting these numbers in the
amplitude equation above yields f(θ = 0°) = 16 μm similar to
our amplitude measurements.
Wrinkling of a particle shell occurs at regions where the
compressive stress surpasses the elastic tension of the shell
and the surface tension of the droplet interface. We observed
that the wrinkles formed at the interface of the 2 mm particle
shell ironed out as the droplet (on which the shell was
formed) acquired a spherical shape, and the particles rearrange
themselves on the droplet surface (Figure 2f). During
relaxation of the particle layer, we also found that the
29399
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Figure 4. Crumpling wavelength of particle shells increases with the particle and droplet size. (a) Log−log plot of the measured crumpling
wavelength of deformed particle shells on silicone oil droplets (size ∼2 mm) as a function of the particle size. (b) Log−log plot of crumpling
wavelength against the shell equator radius for particle shells of size 1.4−4 mm composed of silicone oil and 30 μm PE particles. The shells were
subjected to dc electric ﬁeld pulses with frequency 0.2 Hz and ﬁeld strengths 300−600 V/mm. The dashed lines are linear ﬁts of the data points,
whereas the gray area is a theoretical estimation where the radius of curvature (Rc) varies from a/4 to a/2 (typical values estimated form the
experiments, for details see Section 3.4). During the experiments, the shells were viewed parallel and perpendicular to the electric ﬁeld direction.
See Movies S3 and S4 for videos of how the particle shells crumpled for diﬀerent particle and shell sizes.

deformation experiments on particle shells made on droplets
with equator radii between 0.7 and 2 mm. We formed the
particle shells by covering silicone oil droplets with 30 μm PE
particles. The shells wrinkled when they were subjected to dc
electric ﬁeld pulses of strength 300−600 V/mm (frequency
0.2 Hz). Our results show that the crumpling wavelength of
the shells increased with the shell size (Figure 4b). For
example, a 1.4 mm-sized shell crumpled with the wavelength
240 ± 15 μm, whereas a 4 mm-sized shell crumpled with the
wavelength 400 ± 20 μm. By linear regression, we found that
the crumpling wavelength of the particle shells is nearly
proportional to the square root of the shell radius, λ ∝ a0.52.
Our ﬁndings demonstrate that the wrinkle wavelength of
crumpled particle shells can be used to estimate the thickness
of particle ﬁlms (and the radius of particle shells).
3.3. Eﬀect of Particle Coverage and Electric Field
Strength on Wrinkling. Particle coverage on droplets is
important for particle structuring, droplet deformation, and
rotation.53,59,60 As reported in ref 60, EHD ﬂows are
suppressed by particles and are only present around particlefree areas. Moreover, the strength of these ﬂows increases with
the size of the particle-free area so that droplets with fewer
interfacial particles experience larger strain exerted by EHD
ﬂows than droplets with higher particle coverages. To
understand whether these eﬀects inﬂuence shell mechanics,
we performed deformation experiments on silicone oil
droplets with diﬀerent particle coverages: low (∼60%),
medium (∼70%), and high (∼80%, jammed particle ﬁlm,
but considerably lower than the maximum theoretical
packing61). The particle coverage is here deﬁned as the
surface area covered by the particles/surface area of the
droplet. PE particles of size 1−106 μm formed shells on
droplet interfaces. We then subjected the shells to a pulsed dc
electric ﬁeld (325−675 V/mm). The particle shells wrinkled
few tenths of a second after the electric ﬁeld was switched to
zero (Figure 5). That was also a few tens of seconds after the
shell was most deformed.
For the droplets with medium and low particle coverages,
the electric poles of the droplets became particle-free when
they were deformed (Figure 5b,c). The particles moved back
to the droplet poles after the electric ﬁeld was turned oﬀ. We

characteristic length of the wrinkles decreased (Figure 2(i−
iv)), but the wrinkling wavelength did not change. In Figure
2g, we present the magnitude of shell’s deformation plotted
against time. The plot reveals that the deformation to an
oblate shape (Figure 2c) is quite fast (∼1 s), whereas the time
for the shell to recover is considerably longer (∼6 s).
3.2. Eﬀect of Particle Size and Droplet Size on
Wrinkling Wavelengths. Particle size is an important
parameter for the mechanical properties of particle layers.
That is because bending of a particle layer requires more
energy when the thickness of the layer increases.57 Capillary
interactions and cohesiveness between particles also depend
on the particle size.58 To investigate the inﬂuence of particle
size on the crumpling of particle shells, we performed
deformation experiments on particle shells composed of PE
particles with diﬀerent sizes ranging from 1 to 106 μm. The
shells were formed on silicone oil droplets (∼2 mm)
suspended in castor oil. We studied wrinkling of particle
shells using two digital cameras so that we could view the
shells from two diﬀerent perspectives, that is, parallel and
perpendicular to the direction of the applied electric ﬁeld (top
and bottom images in Figure 3, respectively).
To quantify the wrinkling wavelength λ of particle shells, we
recorded images of the shell interfaces and measured the
distance between the wrinkles. For each particle shell, we
analyzed a minimum of 10 images that were recorded at
diﬀerent deformation cycles. We then calculated the average
wrinkling wavelength (for most of the particle shells, all
wrinkles were used to estimate the wavelength) and
determined the error by calculating the standard derivation.
We found that the wrinkle wavelength λ of the particle shell
increased with the size of the particles d and scales as λ ≈ d0.5
(Figure 4a). For example, the particle shells composed of 3
μm PE particles crumpled with λ = 90 ± 20 μm, whereas
particle shells composed of 98 μm PE particles crumpled with
λ = 640 ± 60 μm. For comparison, compressed particle
monolayers on liquid−liquid/air interfaces are reported to
have the same scaling relationship between the wrinkle
wavelength and the particle diameter (λ ≈ d0.5).19−21
To investigate the relationship between the wrinkle
wavelength and the size of particle shells, we performed
29400
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Figure 5. Crumpling wavelength of deformed particle shells of diﬀerent particle coverages. Particle shells were formed by covering silicone oil
droplets by 19 μm PE particles. The particle coverages were (a,d) high (∼80%), (b,e) medium (70%), and (c,f) low (60%). dc electric ﬁeld
pulses of strength 325−675 V/mm were applied to the particle shells for a duration between 0.3 and 1.1 s. The particle shells were viewed (a−c)
parallel and (d,e) perpendicular to the electric ﬁeld direction (as indicated by arrows). (g) Measured wrinkling wavelength of the particle shells
plotted vs the applied electric ﬁeld strength. The shells were composed of PE particles of size 98 μm (shell diameter a = 2−2.3 mm, squares), 49
μm (a = 1.9−2.1 mm, circles), 18 μm (a = 1.6−1.9 mm, triangles), and 3 μm (a = 1.6 mm, diamonds). Filled symbols indicate low particle
coverage, and open symbols indicate high particle coverage. The time to deform and recover after deformation for these shells are presented in
Figure S8 (rise and recovery time). See Movie S6 for a video of the crumpling of these shells.

measured the wrinkle wavelengths of the crumpled particle
shells and found that particle shells of high particle coverage
formed wrinkles with similar wavelength as the shells of low
particle coverage (Figure 5g). The result indicates that
wrinkling of particle shells is not inﬂuenced by the particlefree area at the droplet interface. It suggests that our method
for measuring the mechanics (i.e., elasticity and bending
stiﬀness) of particle−shells on droplets can be used on shells
with a range of particle coverages, that is, not only on droplets
fully covered by particles. Here, we did not observe any inplane belt buckling as reported in refs.47,52 That is probably
because we used higher particle coverages (thicker particle
belts) and applied the electric ﬁeld for a short pulse.
Next, we investigated the role of the electric ﬁeld strength.
Previous experiments and theories report that both the
velocity of EHD ﬂows62 and the time required to deform a
droplet (rise time) depend on the electric ﬁeld strength (see
Figure S6). The strength of the applied electric ﬁeld can
therefore be used to control the magnitude of droplet
deformation and how fast the surface particles compress at
the droplet equator. We performed additional deformation
experiments to investigate these eﬀects on the wrinkling and
mechanics of particle shells on droplets. Particle shells
composed of PE particles 1−106 μm were subjected to dc
electric ﬁelds of strength 325−675 V/mm (for a duration
0.3−1.1 s). During the application of an electric ﬁeld, the
shells were compressed in the direction of the electric ﬁeld,
and the particles were moved to the droplet equator
(deformation mode I). After the electric ﬁeld was turned
oﬀ, the particle shells wrinkled and the shells relaxed to a
spherical shape (deformation mode II).
Wrinkling was not observed at electric ﬁeld strengths below
325 V/mm, whereas ﬁelds stronger than 675 V/mm were not
applied to prevent ejection of particles from the droplet
interface.54,63 The result suggests that a critical droplet
deformation and thus a compressive force are required to
induce wrinkling at the droplet interface. That is because a
larger droplet deformation yields a larger droplet area and also
a larger compressive force due to surface tension. Because
wrinkling occurs after the electric ﬁeld is turned oﬀ, there are
no electric forces to compress the shell, only the surface
tension force. So for wrinkling to occur, the compressive force

has to be large enough to deform particles out of plane.
Moreover, the force must be exerted fast so that the particles
at the droplet interface do not have time to absorb the
compressive stress through particle rearrangements or simply
through relaxation toward the free areas at the electric poles.
Another critical parameter for wrinkling is the time to bring
the particles to the droplet equator (during deformation mode
I). However, this time parameter is only important for
wrinkling of shells that are partially covering the droplets on
which they are formed. For particle shells that are fully
covering the droplets, there is no or very little interfacial area
available for the particles to move and rearrange. EHD ﬂows
responsible for compressing particles at the droplet equators
are also suppressed for such shells.60
Furthermore, the wavelength of the wrinkles formed on
particle shells did not change considerably (less than error
bars) when the particle coverage of the shells and the strength
of the applied electric ﬁeld were altered (Figure 5g).
Additional experiments show that the time for these shells
to relax from a deformed shape to a spherical shape (recovery
time) is shorter when the particle coverage is lower (Figure
S6). The results indicate that the wrinkling wavelength and
thus the mechanical properties of the shells are unaﬀected by
the compression procedure, that is, the compressive force and
how fast the particle layer is compressed (during deformation
mode II).
3.4. Estimation of Mechanical Properties of Wrinkled
Shells. We will now estimate the mechanical properties of
these particle shells by relating the wrinkling wavelength to
the bending stiﬀness of the particle ﬁlm. There are theories
and models developed for wrinkle formation on elastic
capsules (skins) ﬁlled with gas or ﬂuids.13,31,37,64,65 However,
the literature is deﬁcient in examples of theoretical and
experimental studies on wrinkling formation of particle shells
on droplets. In general, it is challenging to develop
quantitative theories of wrinkling because large deformations
of thin ﬁlms yield nonlinear partial diﬀerential equations when
balancing forces. However, this nonlinearity is mostly due to
geometric eﬀects, and all wrinkling phenomena show universal
scaling behavior.65,66 Cerda and Mahadevan66 proposed a
general theory on the wrinkling of thin elastic sheets where an
29401
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expression for the wrinkling wavelength was deduced by
balancing the bending and substrate energies
iBy
λ = 2π jjj zzz
kK {

Inserting eqs 3 and 4 in 1 yields

i 1
yz
z
2R cd π jjj
2z
(5)
k 3 − 3υ {
The particle shells in Figure 3 had an average (circumferential) droplet radius a equal to 1.15 mm when we
measured their wrinkling wavelengths (presented in Figure
4a). Using values of Rc between a/2 and a/4 in eq 5 yields a
theoretical estimation of the wrinkle wavelengths between λ =
0.06d0.5 and 0.09d0.5 (see the gray area in Figure 4a). Linear
regression of our data indicates that the crumpling wavelength
λ of a particle shell increases with the diameter of the particles
as λ = 0.07d0.52, as indicated by the dashed line in Figure 4a.
The linear ﬁt falls within our theoretical estimations. In
literature, we did not ﬁnd any experimental measurements of
wrinkling wavelengths of particle shells on droplets. For that
reason, we can only compare our results to the experiment
performed on ﬂat interfaces. The wrinkle wavelengths of
particle layers on ﬂat interfaces also shows d1/2 scaling19,20
(see also results of our control experiments presented in
Figures S7 and S8). However, the wavelengths of the wrinkles
formed on particle layers on ﬂat interfaces are longer than
what is found here on curved interfaces. For example, λv =
0.24d0.49 and λj = 0.25d0.5 was reported by Vella et al.19 and
Jambon-Puillet et al.,20 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. This additional energy has to be
surpassed by an increased compressive strain. Because the
compressive strain is proportional to λ−2, shorter wavelengths
will faster surpass the additional energy cost.65
By rearranging eq 1, we get an expression for the bending
stiﬀness of the particle layer
1/4

λ=

1/4

(1)

where B is the bending stiﬀness and K is the stiﬀness of the
substrate. For a particle layer formed on a ﬂat ﬂuid−ﬂuid
interface, the stiﬀness is given by the liquid buoyancy (the
force by the silicone oil ﬂuid opposes the weight of the PE
particles and castor oil), Kb = Δρg.19−21 However, in this
article, we study the particle sheets on droplets. The curvature
of the droplet interface (to which particles are bound) gives
rise to an additional stiﬀness component, that is, curvatureinduced stiﬀness given by:56 Kc = Eyd/Rc2, where Rc is the
radius of curvature along the wrinkles, Ey is the Young’s
modulus, and d is the particle size. For our system, we have
estimated Rc to be between a/2 and a/4, so it is safe to
assume Rc ≈ a/3, where a is the initial droplet radius. The
eﬀective stiﬀness is thus Keff = Kb + Kc. Note that here we
have not included the tension-induced stiﬀness proposed by
Paulsen et al.56 That is because we study ﬁlms at the droplet
interface composed of particles that are little or noncohesive,
that is, any tensile stress will separate particles instead of
stretching them.
To estimate the magnitude of the curvature-induced
stiﬀness, we need an expression for the Young’s modulus.
Vella et al.19 deducted a simple model for the Young’s
modulus of a particle layer on a ﬂat interface
Ey ≈

1−υ γ
1−φd

(2)

where υ is the Poisson’s ratio of the particle layer, γ is the
surface tension between the droplet and the surrounding ﬂuid,
and φ is the particle packing fraction. We measured the
packing of the particle layer on the droplets to be around 0.8
and the surface tension between silicone oil and castor oil to
be approximately 4.5 × 10−3 N/m, and from geometry, the
Poisson ratio (υ) was estimated to be ∼1/ 3 .19 Using these
numbers, the elasticity of particle shells formed on droplets
and composed of 3 μm PE particles is estimated to be Ey =
3.8 kPa. The result is comparable to the Young’s modulus of
red blood cells (with similar thickness ∼2 μm as our particle
shell), Ey ≈ 0.1−26 kPa.67,68 To illustrate the signiﬁcance of
the layer thickness of capsules or shells, we also compare our
result to capsules composed of thinner material. Studies on
protein capsules of ∼2.5 nm thickness and size ∼2.5 mm
report Ey values of the membrane on the order of 1 GPa.13
We estimate the curvature-induced stiﬀness for a particle
ﬁlm formed on a 2 mm-sized droplet by using the expression
for the particle ﬁlm elasticity (eq 2) and inserting numbers: Kc
≈ (1 − υ)γ/(1 − φ)Rc2 = 8.5 × 104 N/m3. This magnitude is
3 orders of magnitude larger than the buoyancy-induced
stiﬀness Kb ≈ Δρg = 40 N/m3. We can thus neglect the
buoyancy-induced stiﬀness in our calculations
Keff ≈ Kc ≈

1−υ γ
1 − φ Rc2

B=

(3)

The bending stiﬀness of the particle layer is given by
Ey d3
12(1 − υ2)

≈

d 2γ
12(1 − φ)(1 + υ)

4

16π R c

2

≈

λ 4γ(1 − υ)
16π 4R c 2(1 − φ)

(6)

We inserted the measured wavelengths of the crumpled
particle shells in the equation above and plotted B as a
function of the particle size (Figure 6). Because the
wavelength scales as d0.5, the bending stiﬀness of the particle
layer has to scale as d2, that is, particle shells made out of
smaller particles are easier to bend. Indeed, that is what we
observe when we plot the bending stiﬀness of the crumpled
particle shells against the particle size. Inserting numbers in eq
4 yields B = 1.2 × 10−3d2, which is similar to the linear ﬁt (B
= 1.0 × 10−3d2.08) of the data points in Figure 6. For a shell
composed of 3 μm PE particles, B = 4.8 × 10−15 Nm. We
could not ﬁnd any studies of the bending stiﬀness of particle
ﬁlms on curved interfaces. For that reason, we can only
compare the result to shells made of other substances, for
example, polymerized octadecyltrichlorosilane (OTS). Studies
on OTS capsules of ∼0.8 μm thickness and size ∼2.5 mm
report bending stiﬀness B ≈ 2.5 × 10−14 Nm,13 similar to the
bending stiﬀness found here for particle shells.
3.5. Mechanical Properties of a Janus Particle Shell
through Wrinkling. To get additional insight into the
wrinkling behavior of particle shells, we performed deformation experiments on a Janus particle shell composed of two
diﬀerent materials: the left part of the shell was composed of 3
μm PE particles and the right part of the Janus shell was
composed of 49 μm PE particles (Figure 7). The silicone oil

57

B=

dλ 4 E y

(4)
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measured wavelengths in eqs 2 and 6, yielding B1 ≈ 7.2 ×
10−16 Nm, Ey1 ≈ 3.8 kPa, B2 ≈ 6.3 × 10−13 Nm, and Ey2 ≈
190 Pa. The results indicate that the Janus shell has two
domains with diﬀerent mechanical properties. The left domain
of the Janus shell that was composed of the smaller particles
had lower bending stiﬀness than the right domain composed
of larger particles, that is, the left domain was easier to bend
(i.e., deform out of plane). The opposite is true for the
Young’s modulus, that is, the right domain of the Janus shell
was easier to deform (deform in plane) compared to the left
domain.
3.6. Particle Packing of Particle Shells Increases after
Deformation Cycles. Cyclic deformation of partly covered
droplet interfaces can increase the packing fraction of the
particle layer.51 Controlling the particle packing fraction on
shells is useful for tailoring interfacial properties of shells, for
example, the roughness and permeability.27 To investigate
whether the packing fraction of particle shells is aﬀected by
shell deformation, we deformed particle shells composed of
silicone oil and 30 μm PE particles (Figure 8). We induced
deformation cycles by applying an ac electric ﬁeld with
strength 660 V/mm and frequency 0.35 Hz. Initially, before
applying the ﬁeld, the shell shape was oblate, and the packing
fraction of the particle layer was measured to be 0.73 ± 0.03.
At this point, the shell interface was jammed and with
horizontal wrinkles. We observed that the wrinkles at the shell
interface became less pronounced (i.e., the wrinkle amplitudes
decreased) after we applied the electric ﬁeld, and the shell
deformed. The shell went through N = 50 deformation cycles
(25 periods of the ac electric ﬁeld) before all wrinkles
disappeared from the shell interface (Figure 8). The
deformation of the shell altered the shell surface area and
allowed the interfacial particles to unjam and improve their
arrangements. We measured the packing fraction of the shell
after 50 deformation cycles and found that the particle
packing fraction had increased to 0.78 ± 0.02. The result
shows that deformation cycles can be used to improve particle
arrangements at the interfaces of droplets and control the
particle density and roughness (wrinkling) of shell interfaces.

Figure 6. Bending stiﬀness of 2 mm particle shells plotted vs particle
diameter for a range of particle sizes. The shells were subjected to dc
electric ﬁeld pulses with frequency 0.2 Hz and ﬁeld strengths 300−
550 V/mm. The dashed line is a linear ﬁt of the data points. During
the experiments, the shells were viewed parallel and perpendicular to
the electric ﬁeld direction. See also the corresponding Movie S3.

droplet with the Janus particle shell was suspended in castor
oil. We applied a pulsating dc electric ﬁeld of 600 V/mm. At
this ﬁeld strength, the particle layer of the shell formed
horizontal wrinkles with diﬀerent wavelengths. The particle
layer composed of 3 μm particles (subscript 1) crumpled with
wavelength λ1 = 70 ± 15 μm, whereas the particle layer
composed of 49 μm particles (subscript 2) crumpled with
wavelength λ2 = 380 ± 90 μm. The wrinkles on the Janus
shell smoothened out after the electric ﬁeld was turned oﬀ,
and the shell recovered to a spherical shape. During shape
recovery, we observed that the wrinkles on the shell with the
largest wavelengths disappeared faster than wrinkles with
shorter wavelengths (right inset Figure 7). The diﬀerent
recovery times of the wrinkles is likely due to diﬀerences in
cohesiveness and mechanical properties of the particle layers.
The bending stiﬀness B and Young’s modulus Ey for the
particle layers can be estimated by inserting numbers and

Figure 7. Crumpling of a Janus particle shell. (a) A particle shell composed of white 3 μm and red 49 μm PE particles. The shell was suspended
in castor oil and subjected to a dc electric ﬁeld of strength 600 V/mm. (b,c) When the electric ﬁeld deformed the shell, horizontal wrinkles of
long λ1 and short wavelength λ2 were formed at the shell interface (insets). (d,e) The shell relaxed to a spherical shape after the electric ﬁeld was
turned oﬀ, and the wrinkles disappeared. The size of a droplet with the Janus particle shell was 2.7 mm, and the electric ﬁeld direction was
horizontal. Arrows on the shells indicate the direction of the net stress acting on the shells. See Movie S5 for videos of the crumpling.
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Figure 8. Packing of the particle layer increases after deformation cycles. (a) A particle shell (2 mm) was suspended in castor oil and subjected to
an ac electric ﬁeld of strength 660 V/mm and frequency 0.35 Hz. The shell went through deformation cycles where it was compressed
(deformation mode I) and stretched (deformation mode II). The shell was composed of 50 mPa·s silicone oil and 30 μm PE particles. (b) Prior
to application of the electric ﬁeld, the particle packing was measured to be around 0.73 (deformation cycle N = 0). After 50 deformation cycles
(N = 50), the particle packing increased to 0.78, and most of the horizontal wrinkles that were observed in the beginning of the experiment were
smoothened out. The applied electric ﬁeld was in the horizontal direction. See Movie S7 for a video of the shell behavior.

Interestingly, for the ﬁrst couple of deformation cycles, we
observed that wrinkles were regularly formed at the same
positions at the droplet interface (compare images for N = 1
and N = 2 in Figure 8). The plastic behavior of the particle
layer and wrinkles is analogous to that of ridges formed during
crumpling of papers.69 The behavior is probably due to
networks of force chains, similar to grains under compaction.70,71 By mechanically stirring the shell, the elastic
properties of the particle layer were restored and wrinkles
could be formed at diﬀerent positions, likely due to disruption
of chain forces related to jamming of the particle layer.72

enables probing the mechanical properties of patchy shells
(e.g., Janus shells). Another noteworthy feature of our electric
ﬁeld route is that it can be used to simultaneously measure the
mechanical properties of multiple shells formed on emulsion
droplets, as demonstrated in Figure S9.
In this paper, we have also demonstrated how our approach
can be used to tailor the surface properties of particle shells
for applications, that is, to control their permittivity and
roughness through deformation cycles. The permeability of
shells is important for stability of encapsulated materials (i.e.,
for cosmetics, medicine, food, and textile industry) and to
ensure precise delivery and release.11,76 Controlling the
roughness of the shells’ interface through wrinkling is a
smart method for tailoring the shell’s adhesion properties or
to fabricate microcomponents such as microgears with
potential applications in bio-MEMS and microelectronics.34
With limited knowledge of particle shell (and particle
capsule) mechanics probed by electric ﬁelds, we also hope our
experiments can serve as an entry point for interested
researchers into this ﬁeld. Future experimental studies should
investigate how particle properties, such as electrical
conductivity, dielectric permittivity, cohesiveness, and particle
packing, aﬀect the stability and mechanics of shells (and
fabricated capsuled) subjected to electric ﬁelds. Moreover, it
should be possible to scale down the system of the current
study to micrometer-sized droplets and hence increase the
range of applications.

4. CONCLUSIONS
Probing the mechanical properties (i.e., elasticity and bending
stiﬀness) of shells is of fundamental importance for a broad
range of applications, for example, for stability (avoid shell
rupture due to wear and tear), transport properties in ﬂow,
rheology, and adhesion.11,73 Precise measurements of stiﬀness
are essential, for example, to decide if drug-delivery shells are
biocompatible or to optimize self-healing shells to guarantee
mechanical triggering when the material is broken.74,75 In this
work, we show that the application of an electric ﬁeld can be
used to probe the thickness and bending stiﬀness of particle
shells formed on emulsion droplets through induced wrinkling
of the shell layers. We demonstrate that on a curved interface,
multiple wrinkles are formed with a characteristic wavelength
that scales as λ ∝ ad , that is, the wavelength increases for
shells composed of larger particles and formed on larger
droplets. Moreover, the bending stiﬀness of the shells were
found to be proportional to B ∝ d2, that is, particle shells
made out of smaller particles are easier to bend. The results
are in good agreement with similar systems, such as
membrane capsules and particle layers on ﬂat interfaces.
The approach we present in this paper works for shells of
diﬀerent geometries and particle coverages, and a range of
electric ﬁeld strengths can be applied. In addition to studying
homogenous particle shells, the presented method also
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Table S1. Initial particle concentration in silicone oil for various particle-covered droplets.
Figure

Particles

Concentration

Droplet size

~0.4 w/w%

~2.0 mm

~8 w/w%

~1.9 mm

Fig. 2

White PE (1–4 µm)

Fig. 3a

White PE (1–4 µm)

Fig. 3b

Green PE (10–27 µm)

Fig. 3c

Red PE (45–53 µm)

Fig. 3d

Violet (53–63 µm)

Fig. 3e

Green (90–106 µm)

Fig. 5a

Green PE (10–27 µm)

Fig. 5b

Green PE (10–27 µm)

Fig. 5c

Green PE (10–27 µm)

Fig. 7

Red PE (45–53 µm)

Fig. 7

White PE (1–4 µm)

Fig. 8

Blue PE (27–32 µm)

Fig. S2a

Red PE (45–53 µm)

Fig. S2b

Red PE (45–53 µm)

Fig. S2c

Red PE (45–53 µm)

Fig. S2d

Red PE (45–53 µm)

Fig. S2d

White PE (1–4 µm)

Fig. S4b,c

Red PE (45–53 µm)

Fig. S5

Green PE (10–27 µm)

Fig. S8

Blue PE (27–32 µm)

Fig. S9

Green PE (45–53 µm)

Fig. S9

Violet PE (10–27 µm)

Fig. S9

Red PE (27–32 µm)
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~0.5 w/w%
~4 w/w%
~8 w/w%

~14 w/w%
~4 w/w%
~3 w/w%
~2 w/w%
~3 w/w%

~1.6 mm
~1.6 mm
~2.1 mm
~2.0 mm
~1.6 mm
~1.8 mm
~1.9 mm
~2.7 mm

~0.2 w/w%

~2.7 mm

~8 w/w%

~1.5 mm

~0.5 w/w%

~1.5 mm

~5 w/w%
~7 w/w%
~9 w/w%
~9 w/w%
~7 w/w%
~4 w/w%
−

~7 w/w%
~3 w/w%
~5 w/w%

~2.0 mm
~1.5 mm

~1.5 mm
~1.5 mm
~2.0 mm
~1.6 mm
−

~2.0 mm
~2.0 mm
~2.0 mm

S1. Experimental setups

Figure S1 | Experimental setups. (a) The first experimental setup consisted of a sample cell (dimensions 10 × 10 × 25 mm),
a high voltage amplifier, a signal generator, two digital microscopes (side views), and light sources. (b) The second experimental setup had the same components, but different sample cell and configuration. The two digital microscopes were positioned for a side and bottom view. Apart from the bottom, all sides of the sample cell were made out of glass. The bottom
part of the cell constituted conductive ITO glass. The conductive glass and a 1 mm thin copper plate (parallel to the bottom)
formed electrodes (distance between the electrodes were 15 mm). In both setups, the sample cell was mounted on a x-y-z
stage and filled with castor oil.

S2. Fabrication of particle shells
We formed homogeneous and non-homogeneous particle shells by electro-coalescing two silicone oil droplets
party covered by PE particles. (Figure S2). The droplets were suspended in castor oil and subjected to a dc electric
field of strength around 300 V/mm. When the droplets were in close proximity, they coalesced by electrostatic
attraction1. The shape of the coalesced droplet was determined by the particle concentration of the two original
droplets. The particle concentration of the original droplets varied from ∼ 0.5 to ∼ 9 wt.% (Figure S2). By coalescing droplets with different particle concentrations, we obtained particle shells of different shapes, including a
spherical shape (Figure S2a), slightly aspherical shape (Figure S2b), and rectangle-like shape (Figure S2c,d). The
shell in Figure S2a was not completely covered by particles (two openings was observed the electric poles of the
droplet), i.e. the particle layer was not in a jammed state and the particles had available space to rearrange. The
other shells had jammed particle layers that kept the shell non-spherical, also after the electric field was turned
off (Figure S2b-d). Due to particle rigidity (the particles cannot be deformed and it costs energy to move particles
out of plane), the particle layer of the shells resisted the retracting force stemming from the surface tension of
the droplet.

Figure S2 | Particle shells with different shapes made by electrocoalescence. Two particle-covered droplets viewed just before electrocoalescence (top row). The droplets coalesced and formed particle shells (bottom row). (a–c) Red 49 µm polyethylene (PE) particles were used to form homogenous shells. (d) An example of a Janus shell composed of PE particles of two
different sizes, 49 µm red particles and 3 µm white particles. The original particle concentration on the two original droplets
were 0.5–9 wt%, and the size of each droplet were ∼ 1.5 mm. See also the corresponding Movie S1.
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As demonstrated in Fig. S2, the particle coverage of the droplets is important for the shape of the shell. We varied
particle coverage of the droplets by controlling the concentration of particles in the original droplets 𝑀𝑀 =
𝑚𝑚𝑝𝑝 /(𝑚𝑚𝑝𝑝 + 𝑚𝑚𝑑𝑑 ), where 𝑚𝑚𝑝𝑝 is the mass of the particles covering the coalesced droplet and 𝑚𝑚𝑑𝑑 is the mass of the

coalesced droplet. Here we define the particle coverage of droplets as 𝜑𝜑 = 𝑆𝑆𝑆𝑆/𝐴𝐴, where 𝐴𝐴 = 4𝜋𝜋𝑎𝑎2 is the surface
area of the droplet, 𝑝𝑝 the packing fraction of the particle film and 𝑆𝑆 = 2𝜋𝜋𝜋𝜋ℎ 2 is the surface area of the particle
ribbon film (a spherical segment defined by cutting a sphere with a pair of parallel planes), 𝑎𝑎 the radius of the
droplet and ℎ the width of the ribbon. 𝜑𝜑 is defined as 1 when the droplet is fully covered by particles (not possible
for spherical particles because they have a maximum theoretical packing fraction of 0.913), and 0 when the droplet
is particle-free. By employing straightforward volume and area calculations of a droplet and surface particles, we
can find an expression for the particle coverage as a function of the particle concentration: 𝜑𝜑 = 𝑀𝑀𝑀𝑀𝜌𝜌𝑝𝑝 /4𝑟𝑟𝜌𝜌𝑝𝑝 (𝑀𝑀 −
1), where 𝜌𝜌𝑝𝑝 and 𝜌𝜌𝑑𝑑 are the density of a surface particle and the droplet, respectively.

S3. Deformation modes
When applying square wave electric fields that are alternating with low frequency (ac signal), a droplet, and thus
the particle shell, goes through two different deformation modes (Figure S3). The first deformation mode, hereafter referred to as deformation mode I, starts when an electric field is switched on. The electric field causes free
ions with opposite charges (impurities in the oils) to accumulate at the two hemispheres of the particle-covered
droplet. Electric stress is induced at the hemispheres when the electric field acts on these charges. The electric
stress compresses the droplet that eventually acquires an oblate geometry, i.e. the longest droplet axis perpendicular to the electric field (Figure S3b).
Deformation mode II starts when the electric field polarity is reversed (Figure S3c,d). Now the electric charges at
the shell discharge. During this short time (around 0.3 s), the droplet’s dipole is aligned in the same direction as
the electric field, and the electric field now stretches the droplet with the particle shell to a prolate shape (longest
axis of the droplet is parallel with the electric field). Thereafter, the charges build up again, and the deformation
mode changes back to mode I. The cycle repeats itself after the electric field changes its polarity. For more details
about the deformation cycle, we refer to our previous works on electroshaking.4-5

Figure S3 | A sketch illustrating the two deformation modes of a droplet with particle shell subjected to a uniform lowfrequency ac electric field. Initially, in the absence of an electric field (a), the droplet is spherical. Deformation mode I (b):
When an ac electric field (frequency around 0.3 Hz) is switched on. The induced dipole moment of the shell is oriented antiparallel to the electric field direction. Consequently, the droplet with particle shell is compressed in the direction parallel to
the electric field into an oblate shape. Deformation mode II (c,d): The electric field polarity is switched instantaneously, while
the droplet interface requires finite time to discharge and change polarity. In this mode, the electric stress stretches the shell
in the direction perpendicular to the electric field into a prolate shape. The arrows around the shells indicate the direction and
strength of the electric stress acting on the shells. For the droplets with particle shells studied in our experiments, building up
charges on the interface required 𝜏𝜏I ~ 1 second, while the discharging occurred faster, 𝜏𝜏II ~ 0.3 second.
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To examine the effects of electric signal type on crumpling of particle layers, we also applied pulsating dc electric
fields to deform particle shells. In these experiments, the electric field is switched between a certain electric field
strength and zero. When the electric field is applied, the droplets with particle shells are compressed in the direction of the electric field (deformation mode I). If too strong electric fields are applied, the droplet may break
and/or the particles may detach from the interface. This can be prevented by constricting the time for droplet
deformation by increasing the frequency of the electric field. After the electric field is turned off, the droplet with
particle shell relaxes back towards a spherical shape due to differences in Laplace pressure.
S4. Crumpling wavelength for different electric field types
(a)

(b)

(c)

Figure S4 | Crumpling wavelength of particle shells subjected to ac and dc electric fields. (a) Log-log plot of measured
crumpling wavelength of deformed particle shells on silicone oil droplets (size ~2 mm) as a function of particle size. The
particle shells were deformed by applying ac or pulsating dc electric fields. The dashed line shows a theoretical model with
slope of 0.5. A particle shell (diameter 2 mm) composed of 49 µm polyethylene particles was subjected to (b) a dc electric field
(400 V/mm, pulse) and (c) an ac electric field (350 V/mm, frequency 0.3 Hz, square wave). The shell deformation and applied
electric field are plotted against time. Shell deformation is here defined as 𝐷𝐷 = (𝑑𝑑∥ − 𝑑𝑑⊥ )/(𝑑𝑑∥ + 𝑑𝑑⊥ ), where 𝑑𝑑∥ and 𝑑𝑑⊥ are
the shell axes parallel and perpendicular to the electric field direction, respectively. Optical images of the shells at 4 different
times are inserted in figure (b) and (c). The electric field direction in the inset images were in the horizontal direction. See
Movie S3 and S10 for a video of the shell deformations.

We used two types of electric fields to induce wrinkling on particle shells; pulsating dc electric field or ac electric
fields. Our measurements show that both field types yielded shell wrinkling with similar wavelengths (Figure S4a).
To understand how shell wrinkling is related to deformation and relaxation of droplets with particle shells, we
calculated that deformation and plotted it against time, and linked the deformation to optical images of the shells
(Figure S4b,c). Wrinkling of the particle shells occurred shortly after the shells obtained their maximum oblate
(negative) deformation, i.e. shortly after the electric field was turned off (shells numbered 3 and 4 in Figure S4b,c).
During droplet deformation, EHD flows are induced at these areas and convect the particles to the droplet equator
where they form a jammed particle ribbon1, 4 (shells numbered 2 and 3 in Figure S4b,c). Before the electric field
was turned off, the particles were compacted and assembled at the droplet equator. With no electric field present, the surface tension restores the shell to a spherical shape (shell marked 4 in Figure S4b). As a result, the
circumferential radius of the shell at the equator decreases, giving rise to compression and wrinkling.
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S5. Crumpling and restoration of particle shell by reducing equatorial circumference

Figure S5 | Wrinkling and restoration of particle shell by reducing equatorial circumference. A 1.6 mm silicone oil droplet
covered by 19 µm PE particles. The particle-covered droplet was suspended in castor oil and subjected to a 0.6 s lasting electric
field pulse of 450 V/mm. (a, d) The radius and the circumference at the particle shell’s equator is maximum right after the
electric field is turned off (t = 0 s). (b, e) Wrinkling occurs when the radius and circumference at the shell’s equator decreases.
(c, f) Eventually the shell recovers to a spherical shape. The shell is viewed in the plane (a-c) parallel and (d-f) perpendicular
to the applied electric field. (d) also shows the geometric convention used in this article. For a movie of the shell crumpling,
see the corresponding Movie S8.

S6. Rise and recover time of particle shells
In the main text we propose that wrinkling occur because the particle layer is compressed faster than the time
for the particles to relax to the particle-free area at the droplet poles. The time for a shell to obtain spherical
shape is here referred to as the recovery time. Our experiments show that the recovery time for shells subjected
to an ac field was around 0.3 second (Figure S4c), and 1–4 seconds for shells subjected to a pulsating dc field
(Figure S6b). Our findings imply that wrinkling of particle shells can be induced when the shell recovery time is
shorter than ~ 4 seconds, and that faster recovery do not affect the crumpling wavelength, thus the mechanical
properties (i.e. elastic modulus and bending stiffness) of the shell.
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(a)

(b)

Figure S6 | Rise and recover time of particle shells. Particle shells formed in castor of silicone oil and 49 µm polyethylene
particles were suspended in castor oil and subjected to a dc electric field of strength 330–670 V/mm. (a) Rise time plotted
against the strength of the applied electric field. The rise time is here defined as the time from the electric field was applied
until the shell obtained its maximum deformation (when the field was turned off, right before shell break-up). In these experiments, the maximum deformation was 𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 ~ -0.4. (b) Recovery time plotted against the strength of the electric field. The
recovery time is here defined as the time from when the electric field was turned off until the shell obtained a deformation
less than 10% of the maximum deformation, i.e. 𝐷𝐷 < 0.1 × 𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 . Filled symbols indicate high particle coverage, while open
symbols indicate low particle coverage. The shell size was 1.6–1.9 mm.

S7. Experimental setup Langmuir-Blodgett
Flat particle layers were studies using a home-made Langmuir-Blodgett trough (Figure S7). The setup consisted
of a glass tank (75 mm × 40 mm × 25 mm) filled with deionized water and mounted to a movable stage that was
controlled by a step motor (Thorlabs 2812B). PE particles with diameters 45–250 µm were sprinkled to the airwater interface to create a monolayer. A glass plate (73 mm × 25 mm × 1 mm) was then immersed in the water
and fastened to the base of the stage. In this setup, the particle layer was confined to a maximum width of around
35 mm. The software Kinesis (v. 1.14.9.0, Thorlabs) was used to control the step motor. By using the step motor,
the particle layer was compressed with speed 0.05 mm/s. We recorded images and movies of the particle layer
by using a digital microscope above the glass tank, and a light source was applied from the side of the tank to
provide image contrast.

Figure S7 | Experimental setup Langmuir-Blodgett. A sample cell (75 x 40 25) is filled with distilled water and placed on a
movable stage. PE particles of different sizes are placed at the water-air interface by using a spatula. A glass barrier (73 x 25
x 1 mm) is positioned in the sample cell so that part of it is immersed in the liquid. A motor (Thorlabs 2812B) was used to
move the sample cell relatively to the glass barrier. The motor was controlled by the computer program Kinesis (v. 1.14.9.0,
Thorlabs 2016). We used a digital microscope (AM7115MZTL, DINO-LITE) to study the dynamics of the particle layer. A light
source (Young Digital YN300) was used to provide good brightness and contrast.

S-7

S8. Crumpling of particle layers on flat interface
To compare crumpling on particle shells with crumpling on flat interfaces, we performed compression experiments on particle monolayers formed on air-water interface. Monolayers of polyethylene particles of size 27–250
µm were formed on an air-water interface inside a Langmuir-Blodgett trough. We compressed the particle layers
mechanically, resulting in the formation of wrinkles with short 𝜆𝜆s and long 𝜆𝜆 wavelengths (Figure S8a). The wavelengths were measured and plotted against the size d of the interfacial particles (Figure S8b). We found that the
wavelengths increase with the particle size as: 𝜆𝜆s ∝ 𝑑𝑑1.1 and 𝜆𝜆 ∝ 𝑑𝑑 0.4 .
(a)

(b)

Figure S8 | Crumpling wavelength of particle layers on a flat water-air-interface. Monolayers of polyethylene particles (size
27–250 µm) was formed on air-water interfaces. Crumpling of the particle layers were induced by mechanical compression in
a Langmuir-Blodgett trough. (a) A water-air interface covered by 30 µm PE particles. During compression, the particle layer
formed wrinkles with short 𝜆𝜆𝑠𝑠 and long 𝜆𝜆 wavelengths, marked with arrows. (b) Short (squares) and long wrinkle wavelengths
(open squares) plotted against particle size.

S9. Crumpling of multiple particle shells
To demonstrate that our crumpling approach works simultaneously on multiple particle shells, we made 3 particle
shells of similar size and covered by different particle sizes: 19 µm, 30 µm and 49 µm PE particles. The particle
shells were suspended in castor oil and placed between 2 horizontal electrodes. The particle shells deformed
when we applied a dc electric pulse of strength 350 V/mm and duration 0.9 s (Figure S9a,b). After the field was
turned off, the shells recovered towards a spherical shape and crumpled (Figure S9c,d). Respectively, we measured the crumpling wavelengths of the particle shells to be 210 ± 20 µm, 270 ± 30 µm and 420 ± 50 µm for the
shells covered by 19 µm, 30 µm and 49 µm PE particles. Our result proves that the crumpling approach can be
employed to study the mechanical properties of multiple particle shells at the same time. The number of shells
that can be studied at the same time is limited by the dimensions of the sample cell, camera view and electrodes.
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Figure S9 | Crumpling of multiple particle shells. (a) Silicone oil droplets covered by 19 µm, 30 µm and 49 µm PE particles.
An electric field of strength 350 V/mm was applied along the view. (b) The particle-covered droplets deform and the surface
area of the droplets increase. At 0.9 s after the electric field was applied, the field is turned off. (c) As the droplets relax to a
spherical shape, the particle shells crumple with wrinkles of different wavelengths (210 ± 20 µm, 270 ± 30 µm and 420 ± 50
µm). (d) The wrinkles disappear and the droplets become spherical. See Movie S9 for a video of the crumpling of these particle
shells.

S10. Movies
Movie S1. Formation of particle shells. First part: A 2 mm silicone oil droplet with 45–53 µm PE particles inside. The droplet
is suspended in castor oil and subjected to a horizontal electric field of 200 V/mm. Electrohydrodynamic flows structure the
particles at the droplet interface. Second part: Two droplets covered by 50 µm PE particles. The droplets coalesce to form a
particle shell. Last part: A Janus shell composed of PE particles of two different sizes, 45–53 µm red particles and 1–4 µm
white particles. The original particle concentration on the two original droplets are 0.5–9 wt%, and the size of each droplet is
∼ 1.5 mm. Parts of the movie is sped up 20 times.
Movie S2. Electric field-induced crumpling of 1–4 µm PE particle shell on a droplet. Particle shell formed on a 2 mm silicone
oil droplet composed of 1–4 µm PE particles. The droplet is subjected to a 1 s lasting electric field pulse of 450 V/mm. The
electric field is in horizontal direction. The last part of the movie is slowed down 2 times.
Movie S3. Crumpling of particle shells composed of 1–106 µm PE particles. Particle shells formed on silicone oil droplets and
composed of white 1–4 µm, green 10–27 µm, red 45–53 µm, violet 53–63 µm, and green 90–106 µm PE particles. The shells
are suspended in castor oil and subjected to an electric field pulse of 450 V/mm. The right movies are viewed along the electric
field direction, while the left movies are viewed perpendicular to the electric field direction (as indicated by symbols). The size
of the relaxed spherical droplets with particle shells is around 2 mm.
Movie S4. Crumpling of 1.4–4 mm particle shells. Particle shells of size 1.4–4 mm composed of silicone oil and 27–32 µm
polyethylene particles. The shells are viewed parallel to the electric field direction. The shells were suspended in castor oil and
subjected to dc electric field pulses with frequency 0.2 Hz and field strengths 50–550 V/mm.
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Movie S5. Formation and deformation of a Janus particle shell. Silicone oil droplets covered by white 1–4 µm and red 45–
53 μm PE particles. The shells are suspended in castor oil and subjected to a dc electric field of strength 200 V/mm. The shells
then coalesce to form a Janus shell. The Janus shell is then subjected to a dc electric field of 600 V/mm. The size of the droplet
with the Janus particle shell is 2.7 mm and the electric field direction is horizontal. Last part of the movie is slowed down 2
times.
Movie S6. Crumpling wavelength of deformed particle shells of different particle coverages. Particle shells (size 1.6–1.9
mm) formed by covering silicone oil droplets by 10–27 µm polyethylene particles. The particle coverages are high (~80%),
medium (70%), and low (60%). dc electric field pulses of strength 400−450 V/mm are applied to the particle shells. The particle
shells are viewed parallel (right movies) and perpendicular (left movies) to the electric field direction (as indicated by arrows).
Movie S7. Packing of particle layer increases after deformation cycles. A 2 mm particle shell suspended in castor oil and
subjected to an ac electric field of strength 660 V/mm and frequency 0.35 Hz. The shell is composed of silicone oil and 27–32
µm polyethylene particles. Prior to application of the electric field, the particle packing was measured to be around 0.73
(deformation cycle N = 0). After 50 deformation cycles (N = 50), the particle packing increased to 0.78 and most of the horizontal wrinkles that were observed in the beginning of the experiment were smoothened out. The applied electric field is in
the horizontal direction. Part of the movie is sped up 4 times.
Movie S8. Crumpling and restoration of particle shell by reducing equatorial circumference. A 2 mm silicone oil droplet
covered by 10–27 µm PE particles. The particle-covered droplet is suspended in castor oil and subjected to a 0.5 s lasting
electric field pulse of 450 V/mm. The shells are viewed in the plane parallel (right movie) and perpendicular (left movie) to the
applied electric field.
Movie S9. Crumpling of multiple particle shells. 2 mm silicone oil droplets covered by 10–27 µm, 27–32 µm and 45–53 µm
PE particles. A pulsating dc electric field of strength 350 V/mm is applied for 0.9 s. The droplets are suspended in castor oil
and viewed parallel with the direction of the electric field. The movie is slowed down 2 times.
Movie S10. Crumpling of a 2 mm silicone oil droplet covered by 45–53 µm and subjected to an ac or dc electric field. An ac
electric field of strength 450 V/mm and frequency 0.3 Hz is applied. The droplet is suspended in castor oil and viewed perpendicular and parallel with the direction of the electric field (as indicated by symbols). In the second part of the movie, the
particle shell is subjected to a dc electric field (450 V/mm, pulse).
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