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Abstract

This thesis contains fundamental experimental studies in soft matter physics, focusing on the
understanding of mechanical properties and kinetics of particle-covered droplets. In my
research, | utilized electric field methods for the formation of particle-laden droplets and
investigation of their mechanical and rheological properties. | also used different electric field
approaches to study organization of the particles adsorbed at the droplet interfaces. These
electric phenomena include electrohydrodynamic circulation flows, electrocoalescence, and

dielectrophoretic and electrophoretic interactions.

My research concerns a single particle-covered droplet subjected to uniform DC and AC
electric fields, although | also investigated the behavior of droplets in a non-uniform field. The
results included in this thesis cover studies on the droplet’s deformation and relaxation,
electrorotation, and arrested coalescence, as well as the mechanics of a particle shell formed
on the fluid—fluid interface. The knowledge gained from the experiments (supplemented by
theoretical studies) on individual droplets will be useful in studying more complex systems,
such as emulsions. This knowledge should also be valuable for designing new types of stable
emulsions and microcapsules that can be used in various technological applications such as in
food technology, pharmaceutical products, cosmetics and drug delivery. In addition, the
results included in this thesis open a new route for assembly of colloidal and granular particles

on fluid—fluid interfaces.

At the start of my Ph.D. work, the literature on droplets subjected to electric fields concerned
mainly spherical droplets, either particle-free or fully covered by particles. Those fully-covered
droplets typically had a homogenous shell. | decided to expand the previous studies by
investigating droplets with different particle coverage, particle shell morphology and shape.
| studied in detail the effects of several parameters (such as strength, frequency or uniformity
of electric field; size and electrical properties of particles; viscosity and electrical conductivity
of fluids, and more) on the deformation, and electrorotation of oil-in-oil emulsion droplets.
In addition, | exploit the possibility of using different parameters of an electric field, for
instance, to actively control the spatial arrangements of particles on the droplet’s surface.
Such new usage of an electric field to form an active smart structure may facilitate simple

laboratory operations and can be used to manufacture new materials.

vii
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Abstract in Polish

Moja rozprawa doktorska zawiera wyniki badan podstawowych w zakresie fizyki materii
miekkiej i wnosi wktad w zrozumienie mechanicznych witasciwosci oraz kinetyki zachowania
kropel pokrytych czgstkami statymi. Do uzyskania takich kropel i badania ich mechanicznych i
reologicznych wtasciwosci wykorzystywatem pole elektryczne, ktére umozliwito mi takze
obserwowanie réznych form organizacji czastek na powierzchni miedzyfazowej kropel.
Mechanizm ich powstawania opierat sie na zjawiskach elektrycznych, takich jak ptywy

elektrohydrodynamiczne, elektrokoalescencja, dielektroforeza czy elektroforeza.

Wiekszos¢ moich badan dotyczyta pojedynczej kropli pokrytej czgstkami statymi poddanej
dziataniu jednorodnego statego badz zmiennego pola elektrycznego, cho¢ obserwowatem
takze zachowanie kropli w niejednorodnym polu elektrycznym. Wyniki moich badan dotyczg
deformacji, relaksacji, elekrorotacji kropel, koalescencji oraz mechanizmu tworzenia sie
warstwy czgstek na powierzchni miedzyfazowe]. Wiedza zdobyta na podstawie doswiadczen
przeprowadzanych na pojedynczych kroplach (podparta analizg teoretyczng) pozwala lepiej
zrozumiec¢ bardziej ztozone uktady, jak na przyktad emulsje. Wyniki przedstawione w moje;j
rozprawie powinny okazac sie przydatne przy opracowywaniu nowych rodzajow stabilnych
emulsji lub mikrokapsut, ktédre moga znalez¢ rdzne zastosowanie w technologiach produkgji
zywnosci, przemysle farmaceutycznym, kosmetycznym czy sposobach dostarczania lekow w
terapiach celowanych. Ponadto wyniki zawarte w mojej rozprawie doktorskiej wskazujg na

nowe sposoby organizacji czastek koloidalnych i ziarnistych na powierzchni miedzyfazowe;j.

Gdy zaczynatem prace nad swojg rozprawg, wiekszos¢ prac dotyczyta kropel sferycznych,
niepokrytych czastkami lub pokrytych w catosci. Krople pokryte catkowicie czgstkami
zazwyczaj wytworzone sg z jednorodnej warstwy czgstek statych. W swojej pracy doktorskiej
rozszerzytem dotychczasowe badania na krople o réznym stopniu pokrycia czgstkamii o roznej
budowie oraz ksztatcie warstwy czastek otaczajacej krople. Szczegdétowo zbadatem wptyw
kilku parametréw (takich jak miedzy innymi natezenie, czestotliwos$¢ i niejednorodnos¢ pola
elektrycznego; rozmiar, witasciwosci elektryczne czgstek oraz lepkos¢ i przewodnictwo
elektryczne cieczy tworzacych krople i jej otoczenie) na deformacje, elektrorotacje kropli
tworzacych emulsje typu olej w oleju. Ponadto zbadatem mozliwos¢ wykorzystania réznych
parametrow pola elektrycznego, na przyktad do aktywnego kontrolowania przestrzennego
ustawienia czgstek na powierzchni kropli. Tego rodzaju wykorzystanie pola elektrycznego do
tworzenia aktywnych, inteligentnych struktur moze utatwié proste prace laboratoryjne oraz

znalez¢ zastosowanie w produkcji nowych materiatéw.
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Chapter 1 Introduction

Droplets with granular and colloidal particles at their interface have lately received
significant research attention in both the applied and fundamental sciences [1-8]. This is
because such droplets have characteristics that can be exploited for fabricating adaptive
structures, porous materials [9], colloidal photonic crystals [10, 11], and responsive
microcapsules [12]. In addition, the particle-covered droplet can be utilized as an experimental
model for studying different phenomena and properties of the particle layer at droplet
interface, for instance, particle structuring [4, 13], mechanical properties of particle layer [14],
and wrinkling [15], folding [16], and buckling [17] on a droplet’s curved interface. Particle-
laden droplets are also considered as suitable materials to use in the biomedical and oil
industries [18, 19], food technology [7], biofuel processing [20], pharmaceutical products [8],
cosmetics [21] and drug delivery [22]. In this context, broadening the knowledge of mechanical
and rheological properties of a particle-covered droplet and performance of a particle shell
under applied force is crucial to further advancing the aforementioned research fields.

Experimental methodologies involved in research on pure droplets and particle-covered
droplets include various mechanical [23-26], ultrasonic [27, 28], magnetic [29] and electric
approaches. Electric fields have been demonstrated to be a suitable method for inducing and
studying transient and steady-state deformations, rotation, as well as different kinds of
instabilities of the droplets. Electric fields also enable structuring of particles at droplet interfaces
by using electrohydrodynamic (EHD) circulation flows [4, 30, 31] and electric forces [32, 33].

The majority of studies on droplets subjected to electric fields concern spherical droplets,
either particle-free or fully covered by particles. Those fully-covered droplets typically had a
homogenous shell, i.e., one composed of particles of a single kind. In my work, | expand the
previous studies by investigating droplets having different particle coverage and particle shell
morphology. | use various electric field phenomena to prepare particle-covered droplets,
including the EHD liquid flows and electrocoalescence. EHD liquid flows, dipolar interactions,
electro-coalescence, and dielectrophoresis have been used to transport [34], sort or jam
particles at the droplet’s interface [35], and to remove particles from the droplet [36]. These
phenomena can be also used to form droplets covered with desired concentration of particles,
droplets with particles shells having distinct morphologies (homogenous or patchy shells), and

stable non-spherical droplets, as demonstrated in the papers constituting this thesis.
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Different electric field parameters, such as frequency, strength, mode (pulsating or
continuous) or uniformity, and physical parameters of the fluids and particles, determine the
dominant electrical mechanism in the systems that | study (i.e., an oil-in-oil emulsion droplet).
For example, under direct current (DC) electric field, the electric stress compresses the droplet
that acquires an oblate shape. On the other hand, if the same droplet is subjected to an
alternating current (AC) electric field, the electric stress stretches the droplet that, in turn,
acquires a prolate shape [37]. In my thesis, | study the effects of the above-listed parameters
on the deformation, electrorotation and breakup of oil-in-oil emulsion droplets. In addition,
| exploit the possibility of using different parameters of an electric field, for instance, to
actively control the spatial arrangements of particles on the droplet’s surface. Such new usage
of an electric field to form an active smart structure may facilitate simple laboratory
operations and can be used to manufacture new materials.

Deformation of particle-covered droplets under an electric field may provide information
about their mechanical properties, such as elasticity and bending stiffness of the particle film,
which depends on the particle size, shape, and three-phase contact angle. Relaxation of a
deformed particle-covered droplet on releasing compressive stress is also an important
mechanical property of the droplet. Several researchers have studied the relaxation of the
particle-covered droplets after removing applied stress [24, 38]. Mikkelsen et al. [39] studied
the relaxation dynamics of pure droplets and particle-covered droplets. The result showed
that the particle-covered droplets relax more slowly than particle-free droplets. Rane et al.
[26] studied the mechanical compression and decompression of liquid marble (droplet with a
particle shell formed in air). After removing the compressive stress, they found that the
droplets relax more slowly and exhibit hysteresis. Monteux et al. [40] and Xu et al. [41] also
found a similar result by volume compression and relaxation of liquid marbles. In all these
works, researchers studied droplets densely covered by particles. However, the influence of
particle concentration or particle packing has not been studied extensively, creating a
knowledge gap. In addition, different mechanisms of droplet compression and decompression
were used in the abovementioned works. This may have certain consequences. For example,
during the mechanical compression of a droplet by two flat slabs, the particles in the shell
become loosely packed [26]. Whereas, in the electric method [39], the particles are kept tight
during the application of the electric field. When the stress is removed, and the droplet returns

to its original spherical shape, the particles need to rearrange on the droplet’s surface.
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| anticipated that the way particles rearrange during the healing of the particle shell
determines the final particle shell morphology and ultimately the droplet shape in the absence
of the external stress. This has not been studied before, therefore, | planned experiments to
study how the particle-coverage influences the magnitude of droplet deformation and
emergence of its deformation-hysteresis during compression and decompression of the
droplet under an electric field.

In this thesis, | wanted to study particle-covered droplets and particle shells under applied
electrical stress. | chose to work with an oil-in-oil emulsion droplet covered by either
electrically conducting or insulating micro-particles and used uniform and non-uniform DC and
AC electric fields. The primary experimental set-up used in most of the experiments was
simple and rather inexpensive and was comprised of a sample cell placed on a mechanical XYZ
translation stage, a digital microscope for viewing in the direction perpendicular to or along
the electric field, a signal generator, a voltage amplifier for generating high-voltage signals, a
light source, and a computer for data collection. Droplets with or without particles were
simply made by using a mechanical pipette. The schematic illustration of the experimental set-
up is presented in Fig. 1, and an example of a silicone oil droplet covered with polyethylene
particles subjected under uniform DC electric field is shown in Fig. 1b. In all the experiments
presented in the thesis, silicone oil constituted a droplet that was suspended in slightly more
conductive castor oil. Various types of particles are used with a wide range of electrical

conductivities from 107! to 107 S‘m™%, and sizes in a range of around 1-100 pm.

(a) (b) \
( 1 -
digital “
microscope
. P
N _
signal generator < = 4
XYZ translation stage PC for recording movies <L————

Fig. 1. Schematic figures illustrating the experimental setup used in most experiments: (a, b) The setup
consisted of a sample cell placed on a mechanical XYZ translational stage, a digital microscope for viewing
perpendicular to the direction of the applied electric field, a signal generator and a voltage amplifier for
generating a high-voltage electric signal, which is provided to the electrodes inserted inside the sample cell via

two crocodile clips, and a PC for data collection.



Chapter 2 Particle-free droplet in electric fields

2.1. Droplet deformation under uniform electric field

A bubble gas or liquid droplet suspended in another immiscible liquid may be deformed
under electric field. The electric-field-induced deformation has been studied extensively both
experimentally and theoretically. O'Konski and Thacher 1953 [42]; Taylor 1964 [43]; Garton
and Krasucki 1964 [44]; Sherwood 1988 [45]; and Hua, Lim and Wang 2008 [46] described the
prolate shape of the droplet deformation, i.e., the droplet deformed in the direction of the
applied electric field. Whereas, Allan and Mason 1962 [47]; Torza, Cox and Mason 1971 [48];
Arp, Foister & Mason 1980 [49]; Vizika and Saville 1992 [50] and Ha and Yang 1995 [51]
described the oblate deformation of the droplet, i.e., the droplet deformed perpendicular to
the direction of the applied electric field.

Under the weak electric field, deformation of the droplet can be described by two different
mathematical expressions: the pure dielectric droplet model (PDM) and the leaky dielectric
droplet model (LDM). In the classical electrostatic model (PDM), both the droplet and the
surrounding fluid are treated as perfectly insulating dielectrics. Therefore, the electric stress
acting on a droplet only has a component normal to the droplet’s surface, and only prolate
deformation is allowed. To explain the deformation of the droplet in the direction of the
electric field, the LDM was introduced. The LDM takes into account small conductivities of the
fluids and enables relatively good prediction of the magnitude of droplet deformation when a
droplet is either stretched or compressed by the electric field. As it will be discussed in Section

2.5, the LDM was further developed to better represent the experimental observations.

2.2. Governing equations for the pure dielectric droplet model (PDM)

Each fluid, including insulating oils, conducts electricity. However, a fluid (in the considered
two-phase system) can be considered as a pure dielectric material, if it satisfies the condition

€ L? . . .
Te D Ty, (Te == and 7, = pdT) where 7, is the Maxwell-Wagner charge relaxation time, 7,

is the time scale for the fluid motion that convect charge, ¢ is the permittivity of the fluid, o is
the conductivity of the fluid, p; is the fluid density, u is the fluid viscosity and L is the
characteristics length scale [46]. The Maxwell-Faraday equation is:

LLUXE=0, (2.1)
when a droplet is placed in another immiscible liquid and subjected to an electric field.
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Because the dynamic current in the considered system is very small, the magnetic induction
effect is close to zero, and then Eq. (2.1) becomes:

VXE=0. (2.2)
Eqg. (2.2) states that the electric field is irrotational, and the electric field potential in the form
of the gradient of electric potential can be written as E = —V¢. According to the Gauss’s law,
the volume charge density is defined as:

p/&o = V-(€E). (2.3)

In a pure dielectric medium, there is no free charge present in the medium. Therefore, Eq.

(2.3) becomes:

V.(¢E) = 0. (2.4)
As we know, E = —V¢. Therefore, Eq. (2.4) in terms of electric potential can be written as:
V.(eVd) = 0. (2.5)

Because there are no free charges at the interface between the two fluids of different
permittivities, the electric potential () (Eq. (2.5)) can be reduced to the Laplace equation
(V2 = 0).

The electric stress at droplet interface can be calculated by taking the divergence of the

Maxwell stress tensor (Tm) [52], and written as:

Fos = VeTw= — E-EVe+pE, (2.6)

where E is the applied electric field, € is the absolute permittivity or permittivity of the
medium, and p is the volume charge density. For pure dielectric material, the volume charge

density is zero and Eq. (2.6) can be reduced to:

F = —% E-E Ve. (2.7)

Equations (2.4), (2.5) and (2.7) give the complete description of the pure dielectric model and

show that, unlike in the LDM, electrical conductivity is not included in PDM.

Deformation of a pure dielectric droplet

In 1953, O'Konski and Thacher [42] predicted the first analytical result on the deformation
of perfectly insulating droplets in a perfectly insulating medium under the application of the

weak electric field. Later, in 1962 Allan and Mason [47] described the same model for



deformation expression by balancing the electric forces over surface tension and their result
was similar to that of O'Konski and Thacher. When a pure dielectric droplet is suspended in a
pure dielectric medium and subjected to an electric field (Ej), bound charges are formed at
the interface between two mediums of different dielectric permittivities. The electric

potential inside (¢in) and outside (dout) of a sphere of radius a is given by [47]:

3 ex
¢in = (Sm:Tex) E,7rcos@, (r <a) (2.8)
- 3
Doy = ( ﬁ%) Eyrcos9, (r > a) (2.9)

where €;, and &4 is the dielectric constant of the interior liquid (droplet) and exterior liquid
(suspended fluid), respectively, (r, 8) are the polar coordinates, where r is the distance from
the center of the sphere and 68 is the angle between radius vector and the z-axis, see Fig. 2.

The corresponding tangential and normal component of the electric field at the droplet

interface is:
Epex = = (22) = — (gi:f;’;ex) Eysinf, (r=a) (2.10)
Epex = (%) = (ﬁ) E, cos@, (r=a) (2.112)

interior fluid: &,

exterior fluid: .4

Fig. 2. Perfectly insulating droplet (g;,) suspended in a perfectly insulating medium (&) and subjected to a

uniform electric field of magnitude Ej.

In order to characterize the magnitude of the droplet deformation under applied electric

field, the degree of deformation is calculated by:

D = (j::;_Zi), (2.12)



where d; is the length of the droplet parallel to the direction of the applied electric field and
d  is the length of the droplet perpendicular to the direction of the applied electric field. If the
droplet is stretched along the direction of the applied electric field (acquires a prolate shape),
the deformation magnitude is positive (D > 0); if the droplet is deformed perpendicular to
the direction of the applied electric field (acquires an oblate shape), the deformation
magnitude is negative (D < 0).

When a pure dielectric droplet is placed in a pure dielectric medium and subjected to an
electric field, the electric field acts on the bound charges formed at droplet interface between
two fluids of different dielectric permittivities. In a pure dielectric, the surface charge only has
a normal stress component and is balanced by the interfacial tension. Due to the absence of
tangential stress, no induced liquid flows inside and outside of the droplet are observed. The
steady-state deformation of the droplet is obtained by balancing the normal stress with the
interfacial tension. The magnitude of droplet’s deformation is determined by O’Konski and
Allan [42] as follows:

9 a g9€exEZ( Ein—Eex)?
D — 0ocex 0( n EX) : (2.13)
16y ( €in+2€ex)?

where y is the droplet interfacial surface tension and g, is the vacuum permittivity. In the pure
dielectric model, the droplet can only be stretched (D > 0) and acquire a prolate shape. For
this model, the deformation of the droplet is only observed up to a critical electric field; above

the critical electric field, the droplet breakup occurs.

2.3. Governing equations for the leaky dielectric droplet model (LDM)

In the leaky dielectric model, the suspended fluid and droplet both have free ions and
exhibit finite conductivity to modify the fluid-fluid interface in an electric field, satisfying the
condition 7, < T, [46]. When a leaky dielectric droplet is placed in a leaky dielectric medium
and subjected to an electric field, free charges accumulate at the droplet interface faster than
the time scale of the fluid motion to convect the charge from the droplet interface. Similar to
the pure dielectric droplet model, the electric field is also irrotational (V¥ X E = 0) in the leaky
dielectric droplet model. The electric field potential in the form of the gradient of electric
potential can be written as E = —V¢. According to the Gauss’s law, volume charge density
is defined as:

p/eo = V-(¢E). (2.14)



The charge conservation equation can be expressed as [46]:

Do _ 9% L vp= —V.
o= U Vp = =V.(0E), (2.15)

D . . — . . - . .
where op 1S the material derivative, o is the electrical conductivity, and u is the velocity of the

fluid. If we assumed that the system is quasi-static, then the charge conservation equation

(Eq. (2.15)) can be written as in term of divergence due to the electrical conduction:

V.(0E) = 0. (2.16)
As we know, E = —V¢. Therefore, Eq. (2.16) in terms of electric potential can be written as:
V-(aVd) = 0. (2.17)

In a homogeneous medium, the electrical conductivity is the same within both fluids, the
electric potential (¢) can then be reduced to the Laplace equation (V¢ = 0). The electric
stress at droplet interface can be calculated by taking the divergence of the Maxwell stress

tensor (Tm) [52], and the expression for an electric force at droplet interface can be written as:
Fos= VeTn= —> E-EVe+pE. (2.18)

Equations (2.16), (2.17) and (2.18) give the complete description of the leaky dielectric
model. The electric stress at the droplet can be calculated from Eq. (2.18) by inserting the

electrical component from the Egs. (2.19) and (2.20).

Deformation of leaky dielectric droplet

In 1966, Taylor introduced the leaky dielectric model to describe the electrohydrodynamic
deformation (EHD) of a droplet. According to this model, a weakly conductive (also called leaky
dielectric) droplet is suspended in another weakly conducting medium, the droplet can
acquire either oblate or prolate shapes under applied electric field. Due to the (small)
conductivity of the liquids, the free charges accumulate at the droplet interface in an electric
field and compressive stress is exerted on the droplet. If gy, is the conductivity of droplet and
Oeyx IS the conductivity of the suspended fluid, the electric potential inside and outside the

droplets are [53]:

__3Egrcosf

O = —5rm (2.19)

_ 3
d)ex = E,rcos@ (r + ﬁj—), (2.20)



where R = ﬂ; in a leaky dielectric material the potential inside and outside the droplet is

Oex

similar to the pure dielectric material. The corresponding tangential and normal components

of the electric field at the interface of the droplet (r = a) are:

— 1(9%ex) _ _ 3EOSin9) _ (6¢ex) _ 3RE, cos 6
Et,ex T a ( 90 ) - ( 24+R )’ En,out =\ e /)" 2:r (2.21)
o 10 _ 3505in9) o (ad’in) __3Epcos®
Eyin = a ( a0 ) - ( 2+4R )’ Enjin = 50 ) = 2+r (2.22)

The electric stress component exerted at the droplet interface can be calculated by
inserting the above electric field component into the Maxwell stress tensor (Eq. (2.18)). For a
droplet under applied electric field, the timescale for the accumulation of charges at droplet

interface can be obtained by the Maxwell-Wagner charge relaxation time (7,) [54, 55]:

Tw = S0 2tex (2.23)

Oint20ex

Once the charges build up at the droplet interface, three different types of deforming
forces act on the droplet [56], which are (i) due to the difference in the dielectric permittivities
of both liquids, the electric force acts on the bound charges similar to a pure dielectric system,
(ii) the induced free charges at the droplet interface have normal and tangential force, the
tangential force brings the fluid (inside and outside of the droplet) in motion, (iii) the flow at
the droplet’s interface yields small viscous stresses. Taylor has predicted both oblate and
prolate droplet deformations by balancing between these three forces and the interfacial
tension, which depends on the properties of both fluids. The magnitude of the droplet
deformation depends on the stability between surface tension (y) and normal stress (ey - E5);

and can be calculated as [53]:

_ 9agpeexEd
"~ 16yS(2+R)2

(2.24)

[SR? + 1) -2+ 3RS - 1) 22

51+5

where the dimensionless numbers S, R and A are the dielectric constant, conductivity, and

viscosity ratios, respectively, and are defined as: S = Sex ; R = Zin ; A= @ According to

€in Oex Hin
Taylor’s LDM, the shape of the droplet deformation is defined by the product of R and S, i.e.
€in

_ Teex _ _ €ex .
RS = ==, where 74, = — Teex = - " Tein and 7, oy are the Maxwell-Wagner relaxation

Te,in in ex

times of the droplet and suspended fluid, respectively. T, measures the characteristics time

for the charges to build up at the droplet interface. If the droplet fluid is more conductive than



the suspended fluid (and their dielectric constants are equal), the product of R and S is greater
than 1 (RS > 1, 7 jn < Teex), and the charge distribution at the droplet interface is dominated
by charges from the interior liquid (droplet); as a result, the droplet acquires a dipole moment
in the direction of the applied electric field. Whereas, if the suspended fluid is more conductive
than the droplet, the product of R and S is lessthan 1 (RS < 1, T iy > Teex), and the charge
distribution at the droplet interface is dominated by charges in the exterior fluid. As a result,

the dipole moment is oriented opposite to the direction of the applied electric field, see Fig. 3.

E0= 0

exs vex

EEXI JEX

Spherical droplet Oblate deformation Prolate deformation

Fig. 3. Schematic figure illustrating the deformation of a droplet in a two-phase system. The droplet is suspended
in another immiscible liquid and subjected to an electric field E;. In the absence of an electric field, the droplet
was spherical in shape (left panel). Under the applied electric field, there are two possible steady-state
deformations of droplet. Oblate and prolate shapes are depicted in the middle and right panel, respectively.

In Fig. 4, | estimated the deformation of the droplet numerically by using Taylor’s equation
(Eg. (2.24)). In the calculation, silicone oil droplet is suspended in castor oil and subjected to
an electric field of strength 250 V mm™. The magnitude of prolate and oblate droplet
deformations are plotted against the applied electric field (Fig. 4a). For the red curve, the
castor oil droplet is suspended in silicone oil and subjected to an electric field. Due to the
stronger conductivity of castor oil (RS > 1, Tojn < Teex), the droplet acquires a dipole
moment in the direction of the electric field. The charges at droplet poles are pulled by the
electrodes and deformed in a prolate shape. When the system is reversed (RS <1,
Tein > Teex)s I-€., Silicone oil is formed in castor oil, the droplet acquires an oblate shape and

the magnitude of droplet deformation is negative, see black curve in Fig. 4a.
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Fig. 4. Theoretical result for the droplet deformation. (a) The magnitude of the droplet deformation plotted as a
function of the applied electric field. (b) The magnitude of the droplet deformation plotted as a function of the
electric capillary number (Cag) for different ratios of conductivities (R) and permittivities (S).

The electric capillary number (Cag) measures the magnitude of the interaction between
applied electric field and interfacial tension. The electric stress acts to deform the droplet,
whereas the surface tension acts to make the droplet spherical. The electric capillary number is

defined as:

a €y €9EE

Cag = (2.25)

If the applied electric stress (€., - E2) becomes greater than the critical capillary stress (E),

the surface tension is no longer balanced, and droplet breakup occurs.

In Fig. 4b, a silicone oil droplet is suspended in castor oil, and the deformation of the droplet
is calculated for the different ratios of conductivities (R in the range 0.1-0.17) and
permittivities (S in the range 1.7-2.4) (the ratio of the conductivity and permittivities was
changed by the changing of the conductivity and permittivity of the silicone oil droplet) by
using Eq. (2.25) under an applied electric field. In Fig. 4b, the deformation of the droplet is
plotted against the electric capillary number. The magnitude of droplet deformation is linear
with electric capillary number for all different conductivities and permittivities ratios.
Moreover, the results also demonstrate that at a higher permittivity ratio, the magnitude of
droplet deformation is decreased, whereas at a higher conductivity ratio, the magnitude of
droplet deformation increased. This is because at higher conductivity ratio, the droplet

experienced stronger electric stress due to higher number of charges at the droplet interface.
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2.4. Electrohydrodynamic convective flow

When a leaky dielectric droplet is suspended in another leaky dielectric medium and
subjected to an electric field, the induced charges accumulate at the droplet interface due to
their contrast in electrical conductivity and dielectric permittivity. The induced surface charge
has two types of stress components, (i) normal stress balanced by the surface tension, and (ii)
tangential stress which induces electrohydrodynamic (EHD) circulation flow inside and outside
the droplet; see Fig. 5. The direction of the induced flow either can be from the droplet’s
electric pole to equator, or from the equator to pole, depending on the product of R and S. if
RS < 1, the droplet undergoes oblate deformation and the flow is directed from pole to
equator, whereas If RS > 1, the droplet undergoes prolate deformation and the flow is directed

from equator to pole. The EHD flow velocity (Ug) at the droplet interface is given by [4, 53]:

2 —
Ue — 9a gpEexE] R(RS-1) Sll’l(zg)- (2.26)

10u (1+2)(2R+1)2

NN T A A7 NN
Oblate deformation

Prolate deformation

Fig. 5. Simulated results for the flow inside and outside of a droplet. (a) Oblate deformation of the droplet and the
flow is directed from the droplet’s poles to the equator (RS < 1). (b) Prolate deformation of the droplet and the

flow is directed from the droplet’s equator to the poles (RS > 1). Figure adapted with permission from [3].

2.5. Corrections to the LDM

Taylor’s leaky dielectric model does not consider all the physical phenomena that have
been observed experimentally. In 1971, Torza et al. [48] experimentally studied the
deformation of a silicone oil droplet in castor oil under the applied electric field and compared
the result with Taylor’s leaky dielectric model. They found that the magnitude of the droplet
deformation was consistently less than the theoretical prediction. After the observation of
guantitative discrepancy between theoretical and experimental analysis of the droplet

deformation, the leaky dielectric model was studied by several other researchers. Vizika and
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Saville [50], Ha and Yang [57], Salipante and Vlahovska [55], and Dommersnes et al. [4],
experimentally verified Taylor’'s model; the results showed good agreement with theoretical
prediction only for small deformation at weaker electric field. Based on the leaky dielectric
model, Bentenitis and Krause [58] introduced an extended leaky dielectric model to study
highly deformed droplets in a strong electric field but below the critical electric field to avoid
droplet breakup. The authors found that the extended leaky dielectric model could be used to
predict the behavior of the droplet, such as continuous deformation at high electric field
strength, based on S, R, and A. The authors also compared the leaky dielectric model and the
extended leaky dielectric model with experimental data. They found that for prolate
deformation, the extended leaky dielectric model was in qualitative and quantitative
agreement with the data from other studies and within the experimental errors. Whereas, for
oblate deformation, the extended leaky dielectric model overestimated the results.

In 1978, Ajayi [59] extended the Taylor theory to study droplet deformation up to the
second-order correction. However, he did not consider the charge convection in his correction
model, and the result was not sufficiently strong to remove the complete discrepancy
between the experimental result and theoretical prediction. Feng and Scott (1996) [60]
employed the Galerkin finite-element method to study the deformation of a leaky dielectric
droplet under a uniform electric field. The result was considerably improved, and the analysis
gives a better understanding of the EHD behavior of leaky dielectric droplet. Later, Feng (1999)
[61] extended the work of Feng and Scott (1996) by considering the effect of charge
convection on droplet deformation due to the EHD circulation around the droplet. The result
demonstrates that charge convection plays an important role in the magnitude of the droplet
deformation. They concluded that in case of the prolate deformation (when RS > 1) the
surface charge convection enhances the deformation, whereas in the case when droplet is
compressed (oblate deformation), the charge convection decreases the deformation. In
recent years, Supeene (2007) [62], Herrera (2010) [63], Lanauze (2015) [64], Das (2017) [65],
and Sengupta et al. (2017) [66], studied the deformation of the droplet by taking into account
of charge convection and the result was similar to Feng’s (1999) result. They estimated that
without charge convection the magnitude of the oblate deformation increases about 30 to

50%; see Fig. 6 [65].
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Fig. 6. Steady-state droplet deformation D as a function of electric capillary number Cag. The various models are

compared to the experimental measurements of Salipante & Vlahovska (2010). Figure and caption adapted with

permission from [65].
2.6. Droplet in moderate and strong electric fields

2.6.1. Electrorotation

All aforementioned studies are limited to the axisymmetric shape of the droplet; the non-
axisymmetric shape arises when the droplet is subjected to a stronger electric field, and the
breaking of symmetry leads to droplet rotation. Electric fields provide a contactless approach
to rotate a weakly conductive droplet suspended in another weakly conducting medium
(RS < 1). Under the application of a strong electric field, a perturbation in the orientation of
the charges at the droplet interface creates torque, and the droplet starts spontaneous
rotation. The Quincke rotation was first discovered by Quincke in 1896 [67], who studied the
motion of solid particles. Later, the influence of an object’s shape, size and electrical properties
on the rotation rate was studied more thoroughly [68—70].

Several experimental and theoretical studies were performed on electrorotation of pure
droplets. Ha and Yang [71], Salipante and Vlahovska [55] experimentally investigated the
electric-field-induced rotation of deformable pure liquid droplets. In their studies, a weakly
conducting droplet was suspended in fluid with slightly higher electrical conductivity and
subjected to an electric field. The result demonstrated that the critical electric field strength
depends on the size of the droplet and the viscosity ratio. The authors also stated that the
highly viscous droplet or very small droplet behaves similar to the rigid body, and the deviation

from the rigid body theory is small. Krause and Chandratreya [72] demonstrated that
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electrorotation alters the deformation of the droplet and especially suppresses the oblate
deformation. He et al. [73] developed a three-dimensional model to describe the
electrorotation of a viscous droplet in a uniform DC electric field. The result shows that, if the
surface charge convection is dominated due to the rotation, the critical electric field for the
onset of rotation is similar to the rigid body sphere.

For a weakly conductive spherical droplet immersed in a weakly conducting medium
(RS < 1) and subjected to a uniform electric field; the charges are accumulated at the droplet
interface and induce a dipole moment. Based on the charge relaxation time, there are certain
conditions to electrorotate the droplet. When the charge relaxation time of the interior liquid
(droplet) is smaller than that of the exterior liquid (T¢ i < Teex), the dipole moment is stable
and aligned parallel with the direction of the electric field, and no rotation will take place. On
the other hand, if 7o, > 7o ex, then the dipole moment itself is reversed, see Fig. 7. In this
case, below the critical electric field, the droplet is in axisymmetric deformation, whereas
above the critical electric field, the configuration becomes unfavorable and breaks the
axisymmetry of the droplet. Thus, the major axis of the droplet inclined at an angle with
respect to the applied electric field, resulting in induced torque and leading to the

spontaneous rotation of the droplet, similar to that described by Quincke [54].

@) 7 (b)

Fig. 7. Schematic diagram illustrating the droplet polarization for RS < 1 and Tg j, > Te,ex, Under uniform DC
electric field. (a) At weaker electric field, when E, < Eg, induced pure straining flow and axisymmetric oblate
deformation (b) In strong electric field, when E, > Eg, non-axisymmetric oblate deformation and the droplet
inclined at an angle & with respect to the applied electric field, induced torque leads to droplet rotation. The
droplet dipole moment P electrorotates to align itself in the direction of the applied electric field.
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The critical electric field and the rotation rate for the Quincke rotation of the rigid body
sphere can be compared to the electrorotating droplet, for which the E, and w are described

as following [54, 73]:

20exMex(R+ 2)2

E§ =
Q 3€ex€in(1-RS)’

(2.29)

where Ej, is the critical electric field above which the droplet starts rotating and the rotation

rate w of the droplet is given by:

201, (2.30)

Tmw | E§

The angle between the induced charge at droplet interface and applied electric field (see Fig.

7) is given by:

a=tan"?! (w;w). (2.31)

Unlike a rigid sphere, a weakly conductive droplet deforms at any strength of the applied
electric field. At lower electric field strength, E; < E,, the droplet deformed axisymmetric,
which is described by Taylor’s leaky-dielectric model. At a stronger electric field strength
where E, > E,, the droplet starts to rotate and drag the exterior fluid, which acquires a
rotational component. The rotational straining flow affects the charge convection at the
droplet interface, and thus it affects the critical electric field E. for the droplet’s rotation

compared to the critical electric field E,, for the rigid body’s Quincke rotation.

2.6.2. Stability and break up

Electrohydrodynamic (EHD) breakup phenomena for a leaky dielectric droplet suspended in
another leaky dielectric medium and subjected to a uniform electric field are studied using the
LDM. The breakup mode of the droplet appears when the electric stress (&,, - E;) becomes

larger than the critical capillary stress (g) and the surface tension can no longer balance the

electric stress. As a result, the droplet breaks into different sizes of daughter droplets. Various
breakup modes and steady-state deformation of axisymmetric droplets were investigated
experimentally and by numerical simulation under a uniform applied electric field. In 1988,
Sherwood [45] studied the stability of droplet based on the leaky dielectric model. He
demonstrated two distinct mechanisms of droplet breakup, depending on the permittivity and
conductivity of the interior and exterior fluids. He showed if the permittivity of the droplet is
higher than the surrounding fluid, the droplet undergoes tip-streaming, if the conductivity of

the droplet is higher than the surrounding fluid, the droplet undergoes blob division.
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In recent years, Sherwood’s work was explored more deeply by other researchers to obtain
a complete understanding of the drop behavior based on leaky dielectric liquids and flow
motion around the droplet. Ha (2000) [57], Dubash (2007) [74], Lac (2007) [75], Shivraj (2013)
[76], and Dong et al. (2019) [77] studied the effect of electric stress on droplet deformation
and various modes of breakup under an applied electric field. They explored different ratios
of conductivity, viscosity, permittivity as well as the applied electric field to observe the
different mode of breakup. They reported that the deformation and breakup of droplet
depend not only on the permittivity and conductivity of the droplet and surrounding liquid
but also on the applied electric field strength as well as the viscosity ratio of the droplet and
surrounding liquid. Brosseau and Vlahovska [78] demonstrated the two different modes of
droplet breakup at electric field E > 3 kV cm™, (i) equatorial streaming mode, and (ii) droplet
dimpling mode. In the equatorial streaming mode, the droplet flattens and forms a sharp edge
at its equator and eventually breaks into smaller droplets via capillary instability, see Fig. 8. In
this process, the micron size daughter droplets are beautifully arranged in the equatorial plane

of the parent droplet. The equatorial streaming mode occurs when 4 < 0.1,Cay = 4,R K 1

(/1 =Hn andR =21, ) In the dimpling mode, the droplet deforms into a biconcave disk and

)
Hex Oex

forms a torus shape; the torus shape eventually breaks into comparatively larger droplets. The
torus mode appears when 4> 0.1, R < 1. The droplet breakup through dimpling is
uncontrolled, whereas the equatorial streaming is a controlled process that is easily triggered

and interrupted.
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Fig. 8. Phase diagram of the drop dynamics in a strong uniform dc electric field: Quincke electrorotation (black),

dimpling (blue) for A > 0.1, EHD equatorial streaming (red) for A < 0.1. The conductivity of the suspending oil is
modified by the addition of the electrolyte TBAB (the dots) or AOT (the crosses). E > 3 kV cm™ The scale bar is
500 pum. Images (b)—(d) illustrate the drop behaviors. Figure and caption adapted with permission from [78].
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Chapter 3 Particle-covered droplet in electric fields

Particles at the droplet interface may modify the behavior and characteristics of the
droplet, such as compression, relaxation, mechanics and rotation under an applied electric
field. Droplets with densely packed particles (also called Pickering droplets) have several
advantages that can be put in practice. For instance, the particle shell can help to minimize
the possibility of coalescence during droplet collisions, leading to formation of a stable
emulsion. The stability of particle-laden droplets is greatly affected by the mechanical
properties of their particle film (Young moduli, bending stiffness and Poisson ratio) and partial
wettability of particles with the fluids (droplet and suspended fluid). Inter-inter particle
interactions, shape, size, and particle concentrations also play roles in the stability of the
droplet.

Particles at the droplet interface can also be used to form responsive droplets with various
functionalities and can be controlled by the external stimuli. For example, they can form
plasmonic-based mechanochromic microcapsules [79], self-healing capsules [80], and
microcapsules for targeted drug delivery [1]. In addition, by adequately choosing the
properties of the particles, it is possible to design a droplet with functional characteristics such
as conductivity, porosity and responsiveness, etc.

In the following sections, | will explain the fundamental features of the particle-covered
droplets and the differences in the behavior of pure and particle-covered droplets subjected
to electric fields, and | will highlight the knowledge gaps that were to be explored when |

started my research.

3.1. Pickering droplet

Pickering droplets (comprising a Pickering emulsion) are formed by the assembly of
colloidal or granular particles at the interfaces of two immiscible liquids. They were first
recognized by Ramsden in 1903 [81], and later the phenomenon was described by Pickering
in 1907 [82]. Under large deformation, Pickering droplets are able to recover without breaking
of the droplet and due to the three-face contact angle, the particles at the droplet interface
bound very strongly; see Fig. 9. Thus, high desorption energy is required to detach the
particles at the droplet interface. The energy needed for the desorption of a single particle

from the oil-water interface is given by [83]:
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E = mréYow(1 £ cosb,,)?, (2.27)

where 1y is the radius of the particle, y,,, is the oil-water interfacial tension, the positive sign
inside the bracket refers to the desorption of particle from the droplet, the negative sign is for
transfer of particle into the droplet, and 6,,, is the contact angle of the particles with the
interface. The binding energy is maximum (and for microparticles can reach E ~ 10”kgT)
when the contact angle 8 = 90° and the spherical particle is protruding halfway into the oil-
water interface [84]. The three-phase contact angle is governed by the different interfacial

energies in the system and defined by Young’s equation:

cos § = LeoYow (2.28)

Yow

where y,, and ¥, are the energy per unit area of the particle-oil interface, and particle-water

interface, respectively.

Pickering droplet

YOW

Yo

Fig. 9. Schematic diagram of solid particle at water-oil interface. y represents the interfacial tension between
particle-oil, oil-water and particle-water.

Within this thesis, | research Pickering droplets, that is, droplets with a monolayer particle
shell made of densely packed particles, and also droplets partially covered by particles with

different particle concentration.

3.2. Deformation of particle-covered droplet under electric field

Several theoretical and experimental studies have demonstrated the deformation of pure
droplets. The literature is less extensive on the deformation of the particle-covered droplets.
Ouriemi and Vlahovska [30, 31] investigated the effect of particle coverage on the magnitude
of the droplet deformation. Their results demonstrate that the deformation of the droplet is

enhanced with the particle coverage (¢ = 0to 90 %). Experimentally and theoretically,
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Mikkelsen et al. [32] and Abbasi et al. [3] studied the deformation of a pure silicone oil droplet
and a fully-covered silicone oil droplet (Pickering droplet) in a uniform DC electric field. Their
results demonstrate that the Pickering droplet deformed more than the pure silicone oil
droplet. The increase in the magnitude of the droplet deformation is mainly due to two
reasons: (i) as the particles coverage at the droplets’ interface increases, the effective
electrical conductivity of the droplet decreases, and (ii) the particles at the droplet interface
reduce the EHD circulation flows around the droplet that convects the charges from the
droplet interface. Because of the above two reasons, a higher number of charges accumulates
at the droplet interface and stronger electric stress acts on the droplet. The strength of the
EHD flows depends upon many parameters, but primarily it depends upon the applied electric
field strength and the particle coverage. In the case of pure silicone oil droplets, the EHD flows
are strong and convect more charges, whereas in the case of the Pickering droplets, the EHD
flows are nearly non-existent [30, 32, 85].

The magnitude of the droplet deformation and its sign (prolate vs. oblate) should also be
affected by the size and the electrical conductivity of the particles covering the droplet.
However, little is known about the effect of these parameters on the droplet response to the
electric field. In my studies, | focused on studying the mechanics of particle-covered droplets
and how the particle coverage, size, electrical conductivity and the strength of the applied
electric field affect the magnitude of the droplets’ steady-state deformation.

For investigating the mechanics of particle-covered silicone oil drops suspended in castor
oil, as well as particle assembly at the droplet interface, | used a wide range of electrically
conductive particles ranging from insulating polystyrene to highly conductive silver. | also
studied the effect of electrohydrodynamic flows on the magnitude of droplet deformation.
The presence of particles on the droplet interface may also affect the dynamics of the droplet
deformation. There was not much known about the dynamic deformation of particle-covered
droplets under an applied electric field. My aim was to fill the gap and study the dynamics of

the droplet with different particle coverage under a uniform electric field.

3.3. Influence of surface particle on the EHD flows

In Section 2.4., | described the origin of EHD flows. The strength of the straining flows
depends upon many parameters, but primarily it depends on the surface particle coverage

and applied electric field strength. When pure silicone oil droplets are subjected to an electric
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field, the EHD flows are strongest. On the other hand, when a Pickering droplet is subjected
to an electric field, the straining flows are nearly non-existent, this is because the particle layer
behaves like a solid droplet. Ouriemi et al. [30] studied the EHD deformation of a particle-
covered droplet and they observed that the flow was suppressed when the droplet was almost
fully covered. Mikkelsen et al. [32] also claimed that the EHD flow is zero for a fully covered
droplet. But there was still missing research in the literature about the influence of the
particles’ electrical properties, particle size and particle coverage on the strength of the EHD
flows. | aimed to study how the different particle coverage and different electrical properties

of the particles influence the induced EHD flows at the droplet interface.

3.4. Presence of particle shell alters electrorotation of a droplet

In Section 2.6., | described the electrorotation of particle-free droplets. Adding particles to
the droplet interface may change the critical electric field of the electrorotation. Unlike
particle-free droplets, electrorotation of the particle-covered droplet has not been studied
extensively. Only a few research groups studied the effect of particles coverage and its electric
properties on the onset field for the electrorotation. Dommersnes et al. [85] studied the
electrorotation of a pure droplet and a fully covered droplet. They claimed that the critical
electric field for electrorotation of particle-covered droplet is almost less than twice that of
the particle-free droplet. Brosseau et al. [68] studied the electrorotation of prolate droplets;
they characterized the rotation of the droplet on the basis of the orientation. When the
droplet was oriented in the direction of the electric field, it was spinless, and the spinning only
occurred when the droplet was oriented perpendicular to the direction of the electric field.

Ouriemi and Vlahovska [30] contributed significantly to this research topic. They performed
several experiments on particle-covered droplets and provided new insight into this research
area and raised questions, for example on the role of important parameters (such as droplet
size, particle type, and particle shell morphology and composition) affecting the
electrorotation of particle-covered droplets or the fluid-solid transition of rotating particle
shells. In my thesis, | address many of these questions, and also go a step further by
demonstrating new applications of electrorotation of particle-covered droplets.

The behavior of a Pickering droplet can be defined in three different regimes with respect
to the applied electric field. At lower electric field strength E, < E,, the droplet simply follows

an axisymmetric deformation regime; at electric field Et > E, > E,, the droplet is in an
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electrorotation regime; and at electric field E, = Et, the droplet is in the tank-treading
regime. Et is the critical electric field above which the Pickering droplet starts tank-treading.
In the tank-treading regime, the major axis of the Pickering droplet is inclined at a constant
angle with respect to the applied electric field, whereas the particles flow at the droplet
interface. This can be used for the mixing of the particles at droplet interface, as presented in

a paper on droplet electrorotation, which constitutes this thesis.

3.5. Nonspherical droplets in electric field

Unlike pure droplets, particle-covered droplets may acquire stable non-spherical shapes.
This is because high concentration of particles on the droplet interface may jam the particle
shell of the droplet and oppose the action of surface tension and Laplace pressure, leading to
formation of a stable non-spherical Pickering droplet. When the Pickering droplet is jammed
and forms an arrested shell, the particles at the droplet interface behave like an elastic sheet
that may support anisotropic stresses and strains [15, 41]. Recently, Mikkelsen et al. [86]
studied the wrinkling and mechanics of particle shells formed on curved interfaces under the
application of an electric field. They showed that on a curved interface, wrinkles are formed
with a different characteristic wavelength compared to those occurring at a flat interface.

In the last few decades, several studies have been devoted to describing the behavior of
elastic capsules in the presence of extensional flow [87], shear flow [88-91] or other external
forces [92]. When an elastic capsule is subjected to an electric field, the induced electric stress
acting at the capsule’s interface acts to deform it. During the deformation, the capsule
generates the restoring elastic stress to balance the electric stress. There are several models
to describe the deformation of elastic capsules under an electric field. Ha and Yang [93]
(employed Hookean model) studied the combined effect of electric field and shear flow on
the deformation and orientation of capsule. Das et al. [94, 95] (employed Skalak’s model)
studied the deformation of an elastic capsule in an AC and DC electric field. Karyappa et al.
[96] (employed Hookean model, Skalak’s model, and Mooney-Rivlin model) and Randall et al.
[97] (employed Hookean model) studied the deformation and formation wrinkling on elastic
capsules made of polysiloxane membranes and protein-coated capsules using the electric
fields.

When | began this PhD, most of the research in the field concerned the deformation of

spherical Pickering droplets under an electric field. My aim was to study the electric-field-
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induced deformation of arrested nonspherical particle shell formed on droplets. The questions
of primary interest were how the arrested-particle-shell behave under applied electric field,
how particle shell geometry affects the critical electric field strength for arrested Pickering
droplets to collapse, and how particle size and droplet size affect the collapsing mechanism of

non-spherical Pickering droplets.

3.6. Structuring of the particles at droplet interface under electric field

Electric fields have been established as an easy method for both deforming droplets and
structuring particles at droplet interfaces. In recent years, the research interest in particle
manipulation on droplet interfaces has increased [98-100]. Particle structuring on droplet
interfaces has a vast range of applications; for example, self-assembly of colloidal particles
[98], formation of hetero- and homogeneous shells [101, 102], stabilization of emulsions
[103], and fabrication of novel materials [104, 105].

As described before in Section 2.4., when a droplet is suspended in another immiscible
leaky dielectric medium and subjected to an electric field, Maxwell stress arises due to free
charge accumulation at the droplet interface and induces liquid flows (EHD flows) inside and
outside of the droplet. If the particles are adsorbed at the droplet interface, the EHD flows are
capable of guiding the surface particles from the droplet's pole to the equator, or the equator
to its pole, depending on the resultant shape of the droplet. If the droplet is deformed
perpendicular to the direction of the electric field, the particles are aggregated at the droplet
equator. On the other hand, if the droplet is deformed parallel to the direction of the electric
field, the particles are aggregated at the droplet poles. Nudurupati et al. [106] and Amah et
al. [36] demonstrated that particles adsorbed at a droplet’s interface can be transported to
its electric equator or electric pole via electrophoretic force. Ouriemi and Vlahovska [30, 31]
conduct a systematic experimental study for manipulation of particles (for a wide range of
particle sizes, conductivities and shapes) at droplet interface under uniform electric field for
RS < 1. They demonstrate that, at moderate coverage (¢~0.5), the particles have different
assemblies at the lower applied electric field. For example, less conductive particles form
“belt”, whereas highly conductive particles form pole-to-pole chains. The particles may also
form static belts or dynamic sinusoid belts depending on the particle properties and the
applied electric field strength, whereas higher particle-covered droplets undergo drum-like

shape and implosion. Abbasi et al. [3] also demonstrated particle structuring at the droplet
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interface in increasing electric field. At weaker electric fields, particles formed a belt-like
structure; when the electric field increased, the particles formed a helmet-like structure,
whereas at the stronger electric field, the particles separated into two portions and formed a
cap-like structure.

In another experiment, Dommersnes et al. [4] showed that non-conductive particles at the
droplet interface aggregated at the droplet’s equator and formed a ribbon-like structure via
EHD flows; whereas, for the same system, conductive particles formed chains from the
droplet’s pole-to-pole via dipolar-dipolar interactions. In their work, the authors also
demonstrated that controlling electric field strength made it possible to actively structure and
redistribute non-ohmic (i.e. having a non-linear relationship between the electric current and
the voltage) clay mineral particles at the droplet interface. In our work, we expanded the
structuring to ohmic conductive particles, and show how to actively structure conductive
particles and locally change their concentration and packing on the interface of a droplet. The
research hypothesis was that tuning the electric field frequency enables the switching

between two physical mechanisms: particle—particle dipolar interactions and EHD flows.
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Thesis development—introduction to the Papers

In spring 2017, | started my PhD research. | was hired under the research project
(Mechanical properties, specific release and motility of patchy colloidosomes—an emerging
class of structures) led by Prof. Zbigniew Rozynek. My first task was to assist in studies on
transient deformation dynamics of particle-laden droplets subjected to a uniform DC electric
field. | co-performed the experiments, the results of which are presented in Fig. 1, Fig. 2, and
Fig. 3 in Paper 1. The research work conducted in Paper 1 is an extension of preceding work
in Prof. Jon Otto Fossum’s laboratory at NTNU, Trondheim, Norway, where researchers
studied extensively the deformation of silicone oil droplets in castor oil under an applied
electric field. In Paper 1, we present our studies on the effect of the particle concentration on
the electric-field-induced transient deformation of droplets. We prepared silicone oil droplets
covered by polyethylene particles (~50 um) with different particle coverage (¢) from 0 to 1,
where @ = 0 represents a particle-free silicone oil droplet and ¢ = 1 represents a fully
covered silicone oil droplet. Our objective was to see how the surface particles affect transient
droplet deformation, steady-state deformation and prolate-oblate anomalies. We also
studied the effect of droplet size and applied electric field strengths on droplet deformation.

The experimental result showed that the deformation time increases with increased
particle coverage because of the particle-capillary interactions. Moreover, we found that just
after turning on the electric field, the droplet was for a short moment stretched before the
droplet compression occurred. This anomaly was found to be caused by a delay in the
interfacial charging. The experimental results also showed that the particles at the droplet
interface influenced the magnitude of the droplet deformation significantly, and the fully
covered droplet deformed more than the particle-free silicone oil droplet. We attributed that
to the reduced charge convection due to the decrease of the electrohydrodynamic circulation
flow owing to the presence of the surface particles. In addition, the electrically insulating
particles at the droplet interface also reduced the electrical conductivity of the droplet,
affecting the magnitude of the droplet’s deformation.

The experiments performed within the research on the transient deformation led us to new
scientific questions, for example on the effect of a particle’s conductivity on the steady-state

deformation of the droplet and the particle arrangement of the fluid—fluid interface.
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Therefore, we decided to conduct experiments using particles with different values of
electrical conductivity.

Particles with different conductivity values were not available commercially. That is why
we had to produce them ourselves. We decided to modify polystyrene particles using a
chemical approach. With the help of a chemist, we prepared several batches of polystyrene
particles with different conductivities by sulfonation. Particle sulphonation yielded polymeric
particles with a large range of electrical properties related to the degree of sulphonation,
which could be controlled by several reaction conditions, including the reaction time,
temperature, or concentration of sulphuric acid. In Paper 2, we present the results of particle
sulfonation. The particles were characterized by different techniques, including FTIR, optical
microscopy, and scanning electron microscopy, and we also took measurements of dielectric
constant and electric conductivity. To determine the dielectric constant and the electrical
conductance of the powder samples, we carried out capacitance measurements by means of
an LCR meter. | performed those measurements in collaboration with colleagues from the
Slovak Academy of Science in KoSice. The characterized samples were then used in the actual
experiments, in which we studied the assembly of sulfonated and non-sulfonated PS
microparticles at a droplet interface in an applied electric field.

We first studied the formation of chains at the droplet interface in an AC electric field. We
used different sulfonation reaction times of PS particles (from 0 to 32 minutes) at the droplet
interface, whereas other parameters such as both the fluids, electric field strength, and
frequency were kept constant. We found that the PS particles sulfonated for a longer time (32
min) formed a longer chain at the droplet interface in comparison to the PS particles
sulfonated for a shorter time. We found that the change in the particle’s electrical properties
affected the dipolar interaction between the particles. In another experiment, we studied how
the non-sulfonated PS particles at the droplet interface were structured at a constant electric
field strength but at different frequencies. At high frequency (100 Hz), the particles formed
small chains and moved toward the droplet’s electric pole due to the dielectrophoretic (DEP)
forces. On the other hand, when we decreased the frequency from 5 to 1 Hz, the particles
moved toward the droplet’s electric equator. We found that, at a lower frequency, the free
charges had enough time to accumulate at the droplet interface and induce the
electrohydrodynamic (EHD) flows. These EHD flows convected the particles from the droplet’s

pole to the equator, where they formed a ribbon-like structure. In another experiment, we
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used different properties of sulfonated PS particles at the droplet interface and subjected
them to constant DC electric fields of strength 150 V. mm™. We found that the formation of
the chain at the droplet interface depended on the sulfonation time of the PS particles. Those
PS particles which were sulfonated for 32 minutes formed longer chains (pole-to-pole),
whereas those PS particles sulfonated for a shorter time (4 minutes) did not form chains. We
found that for the pure PS particles, the dipolar-dipolar force was weaker than the EHD drag
force, preventing them from forming chains. When PS particles were sulfonated for a longer
time, the dielectric constant and electric conductivities increased, resulting in dipolar-dipolar
forces that exceeded the EHD drag force and formed longer chains.

In Paper 2, we demonstrated qualitatively how the conductive and non-conductive surface
particles organized at the droplet interface under AC and DC electric fields. In Paper 3, we
showed qualitative and quantitative data on the effect of the particles’ conductivity and its
concentration on the magnitude of the droplet deformation. We found that when the pure
silicone oil droplet and the non-conductive PS particle-covered silicone droplet were
subjected to the uniform DC electric field, they underwent oblate deformation. This is because
the free charges accumulated at the droplet interfaces and created the dipole moment
opposite to the applied electric field. However, the steady-state deformation of the pure PS
particle-covered droplet was deformed slightly more compared to the particle-free silicone oil
droplet. On the other hand, we found that when the silicone oil droplet was fully covered by
the highly conductive particles (more conductive than both oils) and subjected to the DC
electric field, the droplet underwent prolate deformation. This is because when the silicone
oil droplet was fully covered with the highly conductive particles, it behaved like a conductive
droplet and the dipole moment oriented in the direction of the applied electric field. In
another experiment, we studied the influence of particle coverage and its conductivity on the
magnitude of the droplet deformation when the droplet was subjected to a DC electric field
of strength 170 V. mm™. The experimental result showed that the silicone oil droplet covered
by the non-conductive PS particle compressed more (oblate deformation) with the particle
coverage. On the other hand, the droplet covered by the conductive particles became less
compressed with the particle’s coverage, and at some critical coverage the deformation of the
droplet changed the shape from oblate to prolate. We also studied the effect of particle
coverage on EHD flows, and we found that the induced EHD flows at the droplet interface

were reduced by the surface particles.
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In Paper 3, we studied droplets subjected to low and moderate strengths of an electric
field. This is because the particle-covered droplet at a stronger electric field strength (above
~150 Vmm™?) starts electrorotating. To study the droplet at higher electric field strengths we
had to prevent its electrorotation. In Paper 4, we resolved the problem by docking the droplet
into an O-ring attached to one of the electrodes. In this way, the droplet could not translate
in the sample cell (due to the convective flows typically present in the cell), nor could it
electrorotate, and we were able to study the behavior of the droplets comparatively at
stronger electric field strengths.

In Paper 4, we investigated how electric field strength (increasing and decreasing electric
fields in a cycle) influenced the steady-state magnitude of the droplets’ deformation, their
relaxation, and arrangements of surface particles on such droplets by controlling EHD flows.
We also quantified the droplet deformation and opening area at the droplet pole by stepwise
increasing and decreasing the applied electric field. Interestingly, we found that both the
deformation magnitude of the particle-covered droplet and the opening area exhibited
hysteresis. In another experiment, we demonstrated three examples of applications based on
the reversible opening and closing of the particle shell at the droplet’s electrical pole by using
the electric field. In this research, | co-designed all the experiments, performed the majority
of the experiments and helped greatly in writing the first draft of the paper.

In Paper 4, we studied the deformation of the fully covered droplet during the electric field
sweeping. In Paper 5, the objective was to show how the particle coverage, particle size, and
strength of the electric field influence the magnitude of steady-state droplet deformation. In
addition, we studied how the particle size, cohesiveness, and strength of the applied electric
field affect the recovery of a particle shell and the particles' arrangement at the droplet
interface. Our experimental results showed that adding non-conductive particles to a droplet
interface significantly changed the magnitude of the droplet deformation. We also found that
the magnitude of the droplet deformation was not retraceable during the electric field
sweeping, and the curves exhibited hysteresis. We determined that this was possibly due to
two reasons: (i) as the surface particle coverage increases, the EHD circulation flows decrease,
and thus the charge convection may decrease, leading to the accumulation of a greater
number of charges at the droplet interface. As a result, stronger electrical stress acts on the
droplet. And (ii) the particle at the droplet interface may decrease the effective conductivity

of the droplet, leading to the stronger electrical stress acting on the droplet. In addition, the
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magnitude of the hysteresis area is sensitive to the particle coverage above ¢ = 0.65, due to
the stronger energy dissipation. Moreover, we found that, after the electric field was turned
off, the shells made of smaller particles were more prone to jamming and formation of
arrested shells. In Paper 5, | was the initiator of the project, the main driver of the research,
and | authored the first draft of the manuscript.

Unlike in Paper 5, where we intentionally prevented electrorotation of the droplet, in Paper
6 we focused on the droplet rotation and tank-threading. We demonstrated that the particle
at the droplet interface changes the critical electric field (for the electrorotation) compared
to the particle-free droplets. This is because in the case of the particle-free droplets, the EHD
circulation flows are stronger and convect the higher number of charges from the droplet
interface; as a result, the critical electric field (for the electrorotation) of the droplet increases.
On the other hand, the EHD flows are almost zero for the Pickering droplets, which leads to a
stronger electric stress on the droplet interface compared to the same size and viscosity of
the droplet, and thus the droplet starts rotating at the lower electric field. We also
demonstrated that the rotation rate of the droplet is strongly affected by the presence of
particles. This is because particles at the droplet interface provided a viscous effect and slowed
down the droplet rotation. We also showed the importance of the electrical parameters of
the surface particles by comparing the behavior of droplets covered by non-conductive PE
particles and droplets covered by the clay particles. Moreover, we demonstrated examples of
applications based on electrorotation of the particle-covered droplet shell by using a uniform
electric field.

In Papers 1-6, the studies concerned spherical droplets. In Paper 7, we studied the
behavior of non-spherical Pickering droplets with arrested particle shells under compressive
electric stress. Here, we used an electric field to induce electric stress on a particle shell, which
enabled non-contact exertion of force on it and measurements of numerous mechanical and
rheological properties of the particle-covered droplet. We found that the non-spherical
Pickering droplets with arrested particle shells under compressive electric stress resembled a
Bingham plastic material, i.e. it behaves like a solid material at low applied stresses, and when
the applied stress exceeds a yield stress point it becomes liquid-like. Our experimental results
also revealed that the particles’ shell geometry, size, as well as the particle size and applied
electric field strength, strongly influenced the deformation, yielding the non-spherical particle

shell. The non-spherical Pickering droplet absorbed electric stress differently and depending
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on the strength of the applied electric field. Interestingly we also found that the curvature of
the droplet significantly influences the yielding of the non-spherical Pickering droplet and it
follows E, « VK, where E, is the electric field threshold and is referred to as the critical yield
point of the droplet, and k is the curvature at the droplet’s electric pole. In another
experiment, we found that the wrinkling wavelength of the particle film depended on the
diameter of the particle, and the wrinkling wavelength scaled as A « Vd, where d is the
particle diameter. 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. In this research, | co-designed all the experiments, performed all the actual
experiments and wrote the first draft of the paper.

In all the experiments performed within Papers 1-7, we tested the behavior of droplets
subjected to a uniform electric field. In the last contribution, Paper 8 (in preparation), we
studied mechanical properties of particle-covered droplets probed by a non-uniform electric
field. We created electric fields with different intensities and field gradients by changing the
shape of the signal electrode and its position with respect to the stationary plate-shaped
electrode. The experimental results on droplet deformation are compared with the
theoretical calculations obtained through modelling of the distribution of a non-uniform
electric field around a cylindrical electrode using the finite element method. We found quite
good agreement between the experimental results and the theoretical predictions for droplet
deformations, especially for moderate electric potentials, up to 1 kV. In this research,
| designed all the experiments, initiated the project, performed all the actual experiments and

wrote the first draft of the paper.
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ARTICLE INFO ABSTRACT

Keywords: We study the transient deformation dynamics after application of uniform DC electric fields to particle laden
Particle laden droplets droplets with different polyethylene particle coverage. Presence of interfacial particles result in reduced elec-
Electric ﬁeld trohydrodynamic circulation flows and charge convection, which in turn result in slower transient droplet de-
Defqr'l’['atlon ) formation compared to pure uncovered droplets, and as well to increased steady-state droplet deformation. A
Particle structuring prolate-oblate deformation transition is observed immediately after the application of the electric field. This
Electrohydrodynamics

Colloidal particles anomaly is not visible or greatly reduced for droplets fully covered by particles.

1. Introduction emulsions [3-5], vesicle manipulation [6-8] and colloidal particle
manipulation at droplet interfaces [9-13]. Deformation of droplets

The dynamics of soft materials subjected to electric fields have la- plays key roles in many industrial applications and/or natural processes
tely attracted much attention in a variety of areas such as the dynamics such as microfluidic systems (chemical reactors), combustion systems,
of pendant and sessile droplets [1,2], electrorheological response in electrohydrodynamic ink-jet printers, emulsification, mixing processes,
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biological cell systems or enhanced oil recovery [14-17].

It is energetically favourable for particles to bind at droplet inter-
faces, thus confining particle movement to within the interface. This
has proven essential for a variety of studies and applications, including
material development [10,18,19], emulsions stabilization [20-22],
two-dimensional particle systems [23-25] and particle structuring
[9,13,26]. The deformation of particle-free and particle laden droplets
has previously been investigated by mechanical compression [27,28],
microfluidics focusing devices [29], in hydrodynamic shear flows
[30-33] and by magnetic or electric fields [9-12,34-38].

To understand the electric response of such complex systems, it is
important to quantify the dynamics and time scales of simpler systems,
for instance single droplets, for which the surface particle coverage ¢ is
systematically increased from zero to full particle coverage. Here we
study the transient deformation of weakly conductive droplets of sili-
cone oil with different particle coverages. The electrohydrodynamic
deformation of weakly conducting droplets without particles is de-
scribed by Taylor’s model [39], which has subsequently been developed
by Melcher [40] and others [41-43]. The model is based on the as-
sumptions that the two fluids have finite electric conductivities which
yields a charge build-up at the droplet interface creating an interfacial
electrical shear stress. In addition to a normal stress component ba-
lanced by the droplet surface tension, the electric stress has a tangential
component that sets up viscous electrohydrodynamic flows.

Assuming that the deformations are small, and that the time required for
the interface to acquire its steady-state surface charge density distribution, is
much shorter than the convective time, the Taylor-model deformation is
proportional to the applied electric field squared, and the droplet de-
formation is given by the electric properties of the fluids [39]:

b = 9aeenE]
PTd+d 16/S2 + R)?

[S(R2+ 1) — 2 + 3(RS — 1)2’1+3],

S5A+5

where dj and d, respectively are the droplet axis parallel and perpendicular
with the electric field direction, ¢ the vacuum permittivity, e., the relative
dielectric constant of the surrounding exterior fluid, a the droplet radius, y
the interfacial surface tension between the droplet and exterior fluid, while
the dimensionless numbers R, S and A are the conductivity, dielectric con-
stant and viscosity ratios, respectively: R = 0in/0Ocx, S = Eex/€ins A = Hex/Hin-
Dimensional and dimensionless parameters for our system (silicone oil
suspended in castor oil) are listed in Table 1 in the Materials section.

Since Taylor’s pioneering work on electro-hydrodynamics [39],
which is considering small deformations, several theoretical and
computational investigations have been worked out to predict the
transient deformation observed in experiments. Due to the challenges in
coupling the interfacial charge distribution to the induced fluid flow, the
transient charge relaxation and the charge convection driven by the
interfacial flow are most often neglected in models. Taylor’s model
predicts both prolate and oblate steady-state deforma-tions, but does not
include charge convection and transient deformation effects. These
effects are important to predict the right droplet shape evolution and to
improve the accuracy of predictions [44,45].

For particle covered droplets, the electric properties of the surface
particles are of importance, as they may suppress DC electric field in-
duced electrohydrodynamic flows and stretch the droplet if the

Table 1
Set of parameters for a silicone oil droplet suspended in castor oil. The top section of the
table lists dimensional parameters for the droplet and the bath medium, while the bottom

section lists dimensionless groups. The electric field is set to 200 V mm ™.

Phase & o(Sm ") uPas) pkgm > a(mm) y(mNm ')
Droplet 28 s56x10°12 0.05 959 1.0 4.5
(silicone
oil)
Medium 47 s56%x 10" 0.75 960
(castor
oil)
Cag Reg Saex S A R
04 1.3 4.5 1.7 15 0.1
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electrical conductivity of the particles is sufficiently high [9]. Sup-
pression of electrohydrodynamic flows is also expected and observed in
this case if the particle surface coverage is high (¢ approximately or
above 90%) [11,35]. For sufficiently low particle concentration, the
particles form thin electric-equatorial ribbons at the droplet surface in
applied DC electric field, however in this case there may still be cir-
culation flows in the particle-free electric-polar areas. For fully covered
droplets, a capsule type model has to be used, for example an elastic
model [11] or a fluid shell description [35].

Here we investigate how surface particles influence transient droplet
deformation by both weakening the charge convection and by strengthening
the charge relaxation. We quantify the effects of surface particles on droplet
deformation times, steady-state deformation and prolate-oblate anomalies
for a range of droplet sizes, coverages and applied electric field strengths.

2. Material and methods

The current experiments were performed in an optical square acrylic
cuvette (10 X 10 X 45 mm), with two copper plates constituting electrodes.
The distance between the electrodes was 7.8 mm. Castor oil (Sigma-Aldrich
83912, density 0.961 g cm ™2 at 25 °C, electrical conductivity ~60 pSm™?,
relative permittivity 4.7 at 25 °C, and viscosity 0.75 Pa s) was poured in the
cuvette, and silicone oil (VWR Chemicals, Rhodorsil® 6678.1000, density
0.96 g cm 3, electrical conductivity ~5-6 pSm ™7, relative permittivity 2.8
at 25 °C, and viscosity 0.05 Pa s) droplets without and with red polyethylene
particles (REDPMS-0.98 45-53 um, relative permittivity 2.1 and density
~0.98 g cc ™! purchased from Cospheric LLC) were placed inside the castor
oil using a micropipette. The polyethylene particles were dispersed in the
silicone oil, and the concentration was numerically characterized by weight
percent. To avoid aggregation, the samples were placed in an ultrasonic bath
for 5 min and mechanically shaken. There is a small density difference be-
tween the fluids, as well as between the fluids and the particles, however, the
droplet sedimentation velocity was sufficiently small enough to enable us to
neglect sedimentation effects. DC electric fields with strength between 0 and
300 Vmm ™! were applied by connecting the electrodes to a high voltage
amplifier (SHVA24-BP1Ultravolt®, Advanced Energy®), controlled by a vol-
tage signal generator and monitored by an oscilloscope.

The droplet dynamics was studied and recorded through an IDS
camera (UI-3590CP-C-HQ R2, IDS Imaging Development Systems
GmbH) with magnifying lenses (Thorlabs, High-Magnification Zoom
Lens Systems). Movies and images with a resolution of 1028 x 768
(XGA) and 50 fps framerate with uEye Cockpit software, were recorded.

The transient droplet deformations were estimated by analyzing 50
fps. The recorded movies were converted to frames by using a JPG
converter software. In each frame, the edge of the droplets was re-
cognized and fitted with an ellipse using ImageJ software. The axes of
the droplets parallel and perpendicular to the electric field direction
were measured from the fitting procedure. The droplet deformation is
defined here as D = (d — d.)/(d + d.), where d|; and d, are the drop
axes parallel and perpendicular to the electric field direction, respec-
tively. We calculated the deformation for each frame and normalized it
by the deformation before the electric field was turned on, by sub-
tracting the average deformation of the first hundred frames. This latter
procedure was necessary because the ImageJ software cannot distin-
guish the edge of the droplet from the edge of the surface particles and
therefore measured some of the particle droplets to be slightly de-
formed (up to D = 0.01) even before the electric field was applied.

We define here the particle coverage of the droplets as ¢ = S/A,
where A is the surface area of the droplet and S = 2mah [46] is the
surface area of the particle ribbon film (a spherical segment defined by
cutting a sphere with a pair of parallel planes), a the radius of the
droplet and h the width of the ribbon. ¢ is defined as 1 when the droplet
is fully covered by particles, and 0 when the droplet is particle-free.

3. Results and discussions
3.1. Transient deformation of particle laden droplets

We study the deformation of polyethylene laden silicone oil droplets
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Fig. 1. Silicone oil droplets with different particle coverage and suspended in castor oil. Silicone oil droplets (diameters 2.0 mm) (a) without and (b)-(e) with red polyethylene particles
subjected to a DC electric field of strength 200 V mm ™. The particle coverage for the five droplets are respectively (a) 0, (b) 0.14, (c) 0.32, (d) 0.83 and (e) 1.

that are suspended in castor oil and subjected to DC electric fields.
Fig. 1 presents images of five silicone oil droplets (diameters 2.0 mm)
with various polyethylene particle coverages, where the ratio between
the particle coverage ranges between 0 and 1, all subjected to a DC
electric field of strength 200 V mm ™. When uniform DC electric fields
are applied in this way, charges accumulate at the interface between the
two liquids [39] due their contrast in electric conductivities and di-
electric permittivity. Depending on the relative electric properties of
the fluids and particles, such a droplet can be stretched to a prolate, or
compressed to an oblate shape [9,38] when subjected to an applied
electric field. The polarity of the induced droplet surface charge de-
pends on the charge relaxation time 7, = &o€in/0in Of the droplet re-
lative to that of the external fluid 7 x = €o€ex/0ex [40,42]. Since the
surrounding castor oil conducts better than the silicone oil droplet, the
dipole moment of the droplets in Fig. 1 is aligned antiparallel with the
electric field direction and the electric stress exerts a compressive force
on the droplets, i.e. an oblate (negative) deformation occurs (d, > d).

When electric charges reach the droplet interface, electrohydrodynamic
circulation flows are induced by tangential electric stresses. The direction of
the circulation flows is given by the relative magnitudes of the electric
conductivities and dielectric constants of the fluids, and the induced flows
can transport surface particles to the droplet electric equator area or to the
electric pole areas [39] respectively. In our present oil in oil system, the
polyethylene particles are structured in ribbons at the droplet surfaces
where the particle packing increases with time and also with the applied
electric field strength [36]. In the deformation experiments described in the
following, we limited the applied electric field to 300 Vmm ™' to avoid
effects such as electrically induced Quincke rotation [11,12,47], droplet
breakup [38,48,49] or spinning particle domains [9,11,12].

In Fig. 2 we display the transient deformation of the droplets in Fig. 1.
The transient droplet deformation of a droplet is governed by three char-
acteristic times: the charge relaxation time z,, which is the time scale for the
interface to acquire its steady-state surface charge density distribution, the
capillary time z. = pa/vy, which is the time scale for droplet relaxation due
to capillary forces, and the flow time scale 7z = u/(gocex E%), which is the
time scale for transporting charges by hydrodynamic convection.

In the inset in Fig. 2a, shortly after the electric field is turned on, we
observe a transient prolate to oblate anomaly, i.e. the measured droplet
deformations evolve from positive (stretched out) to negative (com-
pressed). This appears to be most pronounced for particle covered
droplets that are not fully covered. A similar anomaly has been reported
by computational studies of droplets in [50] and characterized by the
Saville number Sa.y, which is defined as the as the ratio ze ex/7c ex, and is
a number characterizing the charge transport towards the droplet in-
terface [42,50]. For the 2 mm sized pure silicone oil droplet used in our
experiments, Sa., is about 4.5, indicating that it takes more time to
accumulate charges at the interface than to transport charges away
from the interface. Thus, at early times, the droplet behaves as a perfect
dielectric, and the droplet deforms along the electric field direction.

For a given electric field, the drop deformation Dg increases with
particle coverage ¢ (see Fig. 2a). A silicone oil droplet fully covered by
polyethylene particles (violet diamonds) has a steady-state deformation
Dy, twice as large compared to a particle-free silicone oil droplet (red
squares). This result could potentially be due to: (i) reduced resistance
to deformation related to reduced surface tension, (ii) increased elastic

stress from the particle shell, or (iii) an increase in electrical stress.
Since the contributions from (i) and (ii) can be neglected for Pickering
shells that are not jammed [35], we are left with (iii) for the present
situations. In numerical models [11,35,45], charge convection has been
shown to weaken the steady-state oblate deformation by distorting the
surface charge density profile and weaken tangential stress. The electric
Reynolds number Reg represents the ratio of the charge relaxation time
scale 7z, to the flow time scale z. A small electric Reynolds number
(< 1) indicates that it takes more time to transport charges by con-
vection than the time it takes to build up charges at the droplet inter-
face. Since Rex = 1 for the silicone oil in castor oil system, charge re-
laxation by convection influences the steady-state droplet deformation.
Without electrohydrodynamic flow, no charge convection is present in
and around the fully covered droplets, thus explaining the larger elec-
tric stress and droplet deformation. In addition, the insulating poly-
ethylene particles at the droplet surface decrease the effective con-
ductivity of the droplet which then leads to a larger charge
accumulation at the droplet interface [35].

Esmaeeli and Sharifi developed a simple model for the transient
droplet deformation given by [51]: D(t) = Dg[1 — exp(—t/t4)], where
Dy is the steady-state deformation and z4 is the time scale that governs
the deformation dynamics: 74 Hex@ QA+ HANL16) Thig model strictly

Y 40(1+1)
applies to pure droplets not covered by particles.

In Fig. 2b, In(1 — D(t)/Dg) is plotted versus time (after the appli-
cation of an electric field of strength 200 V mm ™) for the same dro-
plets in Fig. 1 and Fig. 2a. The plots are linearly fitted to calculate the
slope (which is the inverse of z4). We note the observed exponential
relaxation also for particle laden drops. For a more complete model,
charge convection, finite charge relaxation and transient fluid inertia
has to be included. Here we can only refer to computational and nu-
merical work[44,45,50], since to the best of our knowledge, there are
currently no particle-interface models available for the time dependent
deformation of particle covered droplets. However, some capsule
models have been used to describe the steady-state deformation of
particle laden droplets, for instance elastic models where the particle
layer has shear elasticity [11,52,53] or a fluid shell description where
the particle layer can be considered fluid during deformation [35].

3.2. Effect of surface particles on droplet deformation time

The time for charges to accumulate at interfaces of layered or in-
homogeneous dielectrics is given by the Maxwell-Wagner charge re-
laxation time, which is independent of the applied electric field [54]:
MW ;::72:(’ Tvw 1S approximately 0.9 s for a silicone oil droplet in
castor oil system. Because the silicone oil and the polyethylene particles
have much smaller electric conductivities than the castor oil, and their
dielectric constants are similar, the Maxwell-Wagner charge relaxation
time of the particle laden droplets will be approximately the same as
the particle-free droplets in castor oil. For the silicone oil droplet (red
squares) in Fig. 2a, the deformation time tp, defined as the time for
droplets to reach the arbitrarily set threshold of 95% of their steady-
state deformation Dg, is measured to be tp, = 1.9 s.

Fig. 3 shows the deformation time plotted versus the particle coverage
for droplets with diameters ranging from 1.0-2.5 mm and subjected to a DC
electric field of strength 200 V mm ~!. The deformation time increases when
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Fig. 2. Transient droplet deformation. (a) Transient deformation of 2 mm sized silicone oil droplets without and with surface particles when subjected to a 200 V mm ~ ! electric field (see
Materials and Methods section for details on the measurements). The particle coverage ¢ ranges between 0 and 1. (b) In(1-D(t)/Dg) plotted versus time.

more polyethylene particles are added to the droplet surface, which can be
attributed to changes in the electric properties (conductivity and dielectric
constant) of the droplet interface by the added particles. In a recent work, we
concluded that the electric conductivity of a polyethylene Pickering droplet
(fully particle covered droplet) is approximately 30% of a silicone oil droplet
when using particles that are 50 pm (the same size as we use in the present
work) [35]. Viscous dissipation due to the presence of the polyethylene
particle layer might also contribute to the increased deformation time [55].
Similar to the experimental work reported in ref. [56] dealing with particle-
free silicone oil droplets, we also find that the deformation time of particle
covered droplets decreases with the applied electric field strength.

3.3. Deformation versus electric capillary number

The electric capillary number Cag is the ratio of the electric stress
eexEZ to the capillary stress y/a. For Taylor’s model to be valid, Cag
must be sufficiently small for the deformation to be linear in Cag. If the
electric stress becomes larger than a critical capillary stress (which is
working to restore the deformed droplet to a spherical shape), the
surface tension can no longer balance the electric stress and the droplet
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®

Fig. 3. (a) Deformation time (time for droplets to reach the arbitrarily set threshold of
95% of their steady-state deformation D) plotted versus the particle coverage ¢ (particle
covered surface area/droplet surface area) for droplets with diameters ranging from

1.0-2.5 mm and subjected to a DC electric field of strength 200 V mm ™.

255

breaks up into smaller droplets [48]. Fig. 4 displays the steady-state
deformation of different sized silicone oil droplets with particle cov-
erage ranging from 0 (no surface particles) to 1 (fully covered droplets)
plotted versus the electric capillary number. As expected, the droplet
deformation for all the droplets is linear with Cag (i.e. proportional to
the droplet radius and electric field squared) for small deformations
when surface tension is strong enough to overcome deformations due to
electric stresses. For larger Cag values, the droplet deformations start to
deviate from Taylor’s theory. It is also observed that particle-free dro-
plets deform less than particle covered droplets.

4. Conclusions

We show that electrically insulating polyethylene particles at the
interface of silicone oil droplets results in a larger deformation com-
pared to particle-free droplets. We conclude that this can be caused by
reduced charge convection and reduced electric conductivity of the
interface when the polyethylene surface coverage is high. We also find
that the deformation time increases with increasing particle coverage.
This may not only be caused by diminished electrohydrodynamic flows
and interfacial charge convection, but can possibly also be due to
particle capillary interactions. Immediately after the electric field is
turned on, we observe a transient prolate to oblate anomaly, possibly
caused by a delay in the interfacial charging.
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Abstract: A designed assembly of particles at liquid interfaces offers many advantages for
development of materials, and can be performed by various means. Electric fields provide a flexible
method for structuring particles on drops, utilizing electrohydrodynamic circulation flows, and
dielectrophoretic and electrophoretic interactions. In addition to the properties of the applied electric
field, the manipulation of particles often depends on the intrinsic properties of the particles to
be assembled. Here, we present an easy approach for producing polystyrene microparticles with
different electrical properties. These particles are used for investigations into electric field-guided
particle assembly in the bulk and on surfaces of oil droplets. By sulfonating polystyrene particles,
we produce a set of particles with a range of dielectric constants and electrical conductivities, related
to the sulfonation reaction time. The paper presents diverse particle behavior driven by electric fields,
including particle assembly at different droplet locations, particle chaining, and the formation of
ribbon-like structures with anisotropic properties.

Keywords: microparticles; sulfonation; spherical polystyrene particles; electric fields; self-assembly;
electric conductance; dielectric constant; electro-rheology; droplets

1. Introduction

Nano- and micrometer particles have become very important in today’s technological world.
Though not visible to the naked eye, they interact and dictate mechanisms in various systems, ranging
from cosmetic products to food. Due to their small size and large numbers, the self-organization
and assembly of particles are required to further develop new technology which is reliant on smaller
structures and complex materials.

Droplets are important in a vast range of areas, both in nature and industrially, involving
phenomena such as capillarity, wetting, hydrodynamics, and materials such as emulsions and
colloidosomes [1-3]. By decreasing the interfacial free energy of the system, particles find it
energetically favorable to adsorb to fluid-fluid interfaces of droplets [4]. Particles may move in
the plane of the interface, but movement normal to the interface is limited. Such a configuration
is useful for numerous studies, including an experimental model system for basic questions of
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statistical mechanics [4,5], material development [6-8], particle structuring [9], and stabilizing
emulsions by preventing drop coalescence [10-12]. The assembly of particles on drops is particularly
attractive for the development of materials due to the architectural control it offers, together with
the wide range of particles and solvents that can be used. Droplets covered with particles have
been studied in different setups, including shear flows, where the particles affect drop deformation,
inclination, and relaxation [13-15], and in magnetic or electric fields for manipulating fluids and
particle dynamics [16-20].

In this work, we study the electric field-driven assembly of polystyrene (PS) microparticles located
in the bulk of oil droplets, before being transported to droplet surfaces, and on drop surfaces. It has
been reported that particle structuring and assembly depend on the type (DC or AC) and strength of the
applied electric field, and the dielectric properties and electrical conductivity of the particles [9,21-23].
While it is simple to adjust the applied electric field, changing the properties of the particles is more
challenging. Adjusting the electrical properties of PS particles is possible through sulfonation. Here,
we investigate particle sulfonation as a method to produce PS particles with an increased dielectric
constant and electric conductivity. This allows for different structuring and organization of PS particles
at droplet interfaces. Particle sulfonation yields polymeric particles with a large range of electrical
properties that are related to the degree of sulfonation, which can be controlled by several reaction
conditions, including the reaction time, temperature, or concentration of sulfuric acid. Other physical
properties may also change when PS particles are sulfonated for long periods of time, i.e., sulfonated
PS particles become sticky, and this property can be used to create composite microcapsules with
varied morphologies [24,25].

In this paper, we use electric fields to study the behavior of particles in the bulk of droplets and
at droplet interfaces. The application of external electric fields has proven to be a flexible method for
particle structuring and manipulation of droplets. When a weakly conductive droplet is subjected
to a uniform electric field, charges build up at the interface of the droplet, resulting in electric stress
that induces electrohydrodynamic (EHD) flows [16]. EHD flows can be used to indirectly structure
particles at drop interfaces [23,26], for colloidal assembly [17], to fabricate patchy colloidal capsules [7],
and to improve particle packing [27]. Particles can also be manipulated directly, by electric forces such
as electrophoresis [28] or dielectrophoresis (DEP) [29-31], e.g., to separate particles at drop interfaces
via gradients in the electric field [22] or to remove particles from drop surfaces using a tip streaming
mechanism [32,33]. The structuring of particles can also occur via dipole-dipole interactions between
particles, resulting in electrorheological chain formation [23,34,35] at drop interfaces.

In certain systems, both dielectrophoretic and EHD effects may be present, and depend on the
applied electric field. By adjusting the frequency of the applied electric field, Amah and co-workers [21]
demonstrated that the motion of particles can be switched between EHD flows transporting particles
towards the drop equator, and DEP moving particles towards the drop poles. In our previous work,
we discovered the “pupil effect”, where weakly conductive clay particles assemble at the drop equator
and form a ribbon-like structure. The particle concentration and the ribbon width can be controlled
by the electric field strength, i.e., at weak electric field strengths, EHD flows dominate and compress
the ribbon, whereas at strong electric field strengths, particle dipolar interactions stretch the particle
ribbon in direction towards the drop electric poles [23]. However, the effect was only achievable
for particles with certain electrical properties: if the surface particles were too conductive, they only
formed chain-like structures, while insulating particles only formed equatorial ribbons. This result
motivated us to prepare a set of particles of the same size, shape, and material, but with different
electrical properties. We have produced such a set of particles by sulfonating PS particles, which is an
efficient, fast, and cheap method for modifying low-priced polystyrene particles.
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The electrical properties of particles are also important in electrorheological (ER) fluids: colloidal
or granular dispersions consisting of particles with a high dielectric constant or conductivity in an
insulating (or weakly conductive) liquid. When subjected to external electric fields, the structure of the
particles and the rheological properties of the ER fluids, such as the yield stress, apparent viscosity,
storage, and loss moduli, may change drastically [36,37], allowing some ER fluids to change from a
liquid to a gel and back, in time scales typically of the order of milliseconds. These characteristics
make ER fluids useful in applications in microfluidic devices [38] and systems like hydraulic valves,
clutches [39], brakes, and dampers [40,41]. In this work, we measure the flow of ER dispersions
of modified PS particles in silicone oil, in response to applied electric fields at different strengths.
We investigate how sulfonated PS particles change the electrorheological properties of PS suspensions,
including the shear stress. The purpose of the ER experiments is not to pursue materials with high yield
stresses, but rather to relate the electrorheological properties of PS suspensions with particle structuring
inside droplets and at their interfaces. In addition, we perform Fourier transform infrared (FTIR)
studies, measurements of particle dielectric constants and electrical conductance. These measurements
complement and support the experiments on the electric field-driven assembly of particles. In short,
all of the experiments demonstrate how sulfonation can be used to tailor electrical properties of PS
particles and the importance of such properties in particle structuring in the bulk of droplets and at
their interfaces.

2. Results

We use PS particles (mean diameter around 40 um) sulfonated at incremental reaction times
(2,4, 8,16, 32, 64, 128, and 256 min) to study the influence of the reaction time on the final physical
properties of the sulfonated PS particles, and their electric field-driven assembly capabilities in an
oil-in-oil system. The untreated PS particles, from which the sulfonated particles were made, are also
studied here as a reference sample.

2.1. FTIR Studies

To recognize the chemical changes of particles due to the sulfonation procedure, we collected
FTIR spectra of the modified PS samples. Figure 1 shows a stacked view of the measured FTIR
transmission data in the 900-1250 cm~! region. The line at 1046 cm~! indicates the asymmetric
stretching vibrations of the SO;~ groups, whereas the lines at 1180 cm ! and 1224 cm ! indicate the
symmetric stretching vibrations of the SO3~ groups [42,43]. The appearance of a 1130 cm ™! band for
sulfonated polystyrene samples indicates the presence of sulfonate groups attached to phenyl rings, i.e.,
attributed to ring deformations [42—44]. Table 1 lists the calculated values of the transmittance ratios
between the 1180 cm ™! and 1153 cm ™! bands (red dashed lines in Figure 1), where the latter band is
either attributed to the C—H bending of the aromatic ring or the CH-CH, stretching vibrations [45].
The increase of the transmittance ratio values with sulfonation time is correlated with the increased
number of sulfonated groups. In short, the FTIR data consistently confirm that our sulfonation
procedures impart sulfate groups to the surface of the PS particles.

Table 1. Lists of the calculated values of the transmittance ratios between the bands at 1180 cm~! and
1153 cm L. The increase of the transmittance ratio values with sulfonation time is correlated with the
increased number of the sulfonated groups imparted to the surface of the PS particles.

Reaction Time (min) 0 2 4 8 16 32 64
Transmittance Ratio 1 1 1 1.001 1.002 1.007 1.009
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Figure 1. Stacked view of the FTIR transmission data. The line at 1046 cm~! indicates the asymmetric
stretching vibrations of the SO3~ groups, whereas the lines at 1180 and 1224 cm~! indicate the
symmetric stretching vibrations of the SO3~ groups. The appearance of a 1130 cm~! band for the
sulfonated polystyrene samples indicates the presence of sulfonate groups attached to phenyl rings.
The red dashed lines indicate the bands used for calculating the transmittance ratio values.

2.2. Optical Photography and Electron Microscopy Examination of Sulfonated PS Particles

Optical photography and scanning electron microscope (SEM) images of both the pure and
sulfonated PS particles are presented in Figure 2, in the top and bottom rows, respectively. Dry PS
samples were placed in 10 mm x 10 mm plastic cuvettes and photographed. The PS particles sulfonated
for short periods of time (up to around 32 min) resemble non-modified PS particles in appearance:
they remain white and powdery (hard particles that do not adhere to one another) after the chemical
treatment, see Figure 2a—c. The PS particles sulfonated for longer periods of time appear progressively
more yellowish and tend to aggregate and form chunks, as shown in Figure 2d,e. They are also much
more difficult to disperse in oil because they become more hydrophilic [46,47], aggregate, and adhere
to one another. The yellow color is caused by the degradation of PS molecules at the surface of the
microspheres. Previously, such a color change has been reported to increase with both the reaction
time and the temperature [48,49].

SEM was used to study the surface morphology of the PS samples. The images in Figure 2f—j
show that all of the modified PS particles remain spherical and have sizes similar to the untreated PS
particles. The surface morphology of the particles sulfonated for 8 and 16 min look similar to that
of the non-modified PS particles (Figure 2f-h). The particles sulfonated for around 1 h and longer,
develop inhomogeneous surfaces in the form of rough spots—marked with black arrows in Figure 2i,j.
The PS particles that are sulfonated for long periods of time start to fuse, form necks between each
other, and eventually form aggregated structures. When such structures and interparticle necks break
(for instance during sample preparation for SEM imaging), the detached particles are left with neck
residuals. Adhesion between sulfonated particles has been observed by other researchers [24], and is
generally expected for particles exposed to sulfonation for a long period of time [46].

For electro-rheological investigations and experiments focusing on electric field-driven particle
assembly, we chose to use particles that were modified for no longer than 32 min, i.e., we used particles
without significant morphological surface modifications. These particles disperse in oil more readily
because they do not form large aggregates and are less hydrophilic than particles modified for longer
periods of time.
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Figure 2. Optical photography (a—e) and scanning electron microscope (f—j) images of pure and
sulfonated PS particles. The PS particles that were sulfonated for short periods of time remain white
and powdery, resembling non-modified PS particles (a—c). When the PS particles are sulfonated for
longer periods of time (64 and 256 min), they become yellowish, and during the washing and drying
steps of particle sulfonation, they aggregate (d,e). Electron microscope images show that all the
modified PS particles remain spherical and have sizes similar to non-modified PS particles (fj). The PS
particles modified for longer than around 1 h display inhomogeneities on their surfaces in the form of
spots, some of them marked with black arrows (i,j). These spots are residuals of “necks” that were
formed between fused PS spheres forming aggregated structures. During sample preparation for SEM
imaging, the aggregated particles detach and the necks between the spheres break, leaving spots at the
particle surfaces.

2.3. Electrical Conductance and Dielectric Constant

To determine the electrical properties of the PS particles, including the dielectric constant (¢)
and electrical conductivity (), we carried out capacitance measurements using an LCR meter at a
frequency (f) of 100 Hz. The LCR meter was set to capacitor mode, where the capacitance (C) and the
dissipation factor (tan ) were recorded. The dielectric constant and electrical conductance (G) values
were calculated using equation: € = C/C,, G = 27ntfCtan ¢ (for details see Section 4). The conductance
was then converted to conductivity. Table 2 lists the calculated values of ¢ and ¢. The dielectric
constant increases with the sulfonation reaction time, starting from the sample sulfonated for 4 min
and reaching a maximum value for the PS sample modified for 32 min, which is one order of magnitude
higher than that of pure PS particles. A similar trend applies to the measured conductivity values.
The highest electrical conductivity value is obtained for the sample sulfonated for 32 min, and is three
orders of magnitude higher than that of the pure PS particles. This is expected because the degree
of sulfonation increases with the reaction time [50], allowing more water to be absorbed on the PS
samples [25,51], thus enhancing the protonic conductivity [52]. To test this assumption, we dried the
sulfonated PS particles by lyophilisation and measured the electrical properties of the lyophilized
samples. The results of these measurements are included in Table 2. Both the dielectric constant and
electrical conductivity values of all the lyophilized PS sulfonated particles are significantly smaller
than those of the initial PS sulfonated samples, but are still larger than non-modified PS particles. This
indicates that water content plays an important role in the electrical conductivity and polarization
of the sulfonated PS particles. Previously, such water dependency on the dielectric properties of
sulfonated PS films has been reported [53]. To produce a broad distribution of particles in terms of the
electrical properties, we decided to use the initial sulfonated PS particles (not lyophilized) for further
experiments on electro-rheology and electric field-driven particle assembly.
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Table 2. Lists of the calculated electrical values, including the particle dielectric constant (g) and
electrical conductivity () measured at a frequency of 100 Hz.

Reaction Time (min) 0 2 4 8 16 32

Dielectric constant, € 15 14 2.2 45 8.1 19.5

Dielectric constant, & (Iyophilized) 1.3 1.3 1.4 1.4 1.8 3.0
Electrical conductivity, o (nS/m) 0.08 39 9.3 31.0 95.9 107.5
Electrical conductivity, o (nS/m) (lyophilized) 0.08 0.8 1.6 1.6 8.5 30.1

2.4. Electro-Rheology

Figure 3a—d presents the flow curves for silicone oil dispersion with non-modified PS particles,
and three dispersions with PS particles sulfonated for 2, 4, and 8 min, respectively. The particle
concentration in all dispersions is 0.5% by weight, similar to the particle concentration in silicone oil
dispersions utilized for the electric field-driven assembly experiments, described in the next section.

When no electric field is applied, the dispersions behave as Newtonian fluids, i.e., their shear
stress values increase linearly with the shear rate (remark: Two electrical grounding brushes connected
to the measuring bob may induce an artificial yield stress of up to 0.05 Pa). At low shear rates,
we observe small non-Newtonian behavior (nonlinear), as seen in Figure 3a,b. The dispersions behave
as Bingham fluids when subjected to DC electric fields of strengths 0.5, 1, 2, 4, 6, and 8 kV/mm, i.e.,
a viscoelastic material that acts as a rigid body when subjected to low stresses and flows as a viscous
fluid when subjected to high stresses [54]. This behavior is particularly apparent for dispersions in
strong electric fields.
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Figure 3. Log-log plots of flow curves of silicone oil dispersions with non-modified PS particles (a);
and with PS particles sulfonated for 2 min (b); 4 min (c); and 8 min (d). The silicone oil dispersions are
subjected to electric field strengths between 0.5 and 8 kV/mm, and a particle concentration of ~0.5% by
weight was used to prepare all the silicone oil (50 cSt) dispersions.
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Table 3 lists the shear stress values of dispersions measured at a shear rate equal to 0.1 s~ and
subjected to different electric field strengths. At the strongest electric field strength (8 kV/mm), the PS
particles sulfonated for 8 min exhibit the largest electrorheological response, and the yield stress
value is nearly 30 times higher than that observed for the pure PS particle dispersion. The values
of the shear stress generally increase with applied electric field strength and sulfonation time.
For electrorheological fluids, this behavior is usually attributed to either differences in dielectric
properties, and/or conductivities between the particles and carrier liquid, and simple polarization or
conduction models apply [55-57]. The electrorheological results presented here are consistent with
measurements of the dielectric constant and electrical conductance shown in the previous section.

Table 3. Shear stress values (T) measured at shear rate 0.1 s71.

Silicone Oil Dispersions with: E (kV/mm) 0.5 1 2 4 6 8
pure PS particles T (Pa) ~0.02 ~0.02 ~0.04 ~0.07 ~0.10 ~0.19
PS particles sulfonated for 2 min T (Pa) ~0.03 ~0.03 ~0.03 ~0.08 ~0.11 ~0.18
PS particles sulfonated for 4 min 7 (Pa) ~0.02 ~0.05 ~0.08 ~0.40 ~1.00 ~2.00
PS particles sulfonated for 8 min 7 (Pa) ~0.01 ~0.13 ~1.00 ~2.00 ~4.00 ~5.50

2.5. Electric Field-Driven Particle Assembly

We use electric fields to manipulate particles both inside the droplet and at the droplet surfaces.
The particles are set in motion and assemble either by: (i) direct interaction of the applied electric
field, i.e., through electrophoresis and/or dielectrophoresis; or (ii) indirectly, through circulating liquid
flows induced by DC or low frequency AC electric fields. Here, we qualitatively demonstrate how the
dipolar interaction force between modified particles changes with the particle sulfonation reaction
time. We show interesting interactions between viscous forces (induced by EHD flows) and dipolar
forces, creating different particle assemblies.

We apply AC electric fields to observe whether (and how fast) the PS particles form dipolar chains.
This gives an indication of the dipolar forces acting on the different PS particles. The electric field
frequency was set to 100 Hz, a value far above the critical frequency at which EHD liquid flows occur
in this system (few Hz) [23]. Four silicone oil droplets with radii of around 1 mm were suspended
in castor oil, each containing particles with different degrees of sulfonation, including non-modified
PS particles and PS particles sulfonated for 2, 8, and 16 min. Initially, the particles in each droplet are
randomly dispersed, and the majority of them are located in the bulk of a droplet (Figure 4a,d,g,j). Each
droplet is subjected to an AC electric field of 600 V/mm. The non-modified PS particles (Figure 4b,c)
and the PS particles sulfonated for 2 min (Figure 4e,f) do not experience any significant motion within
the time frame of the experiment. Only a few short particle chains are observed, approximately aligned
in the direction of the electric field lines. The PS particles sulfonated for 8 min clearly interact with
one another, forming short chains visible 10 s after the application of the electric field (Figure 4h,i).
The highest number of dipolar chains are formed for the dispersion containing PS particle sulfonated
for 16 min. The interactions between these particles are very strong, and the long chains are formed
in just a few seconds (Figure 4k,1). Such particle behavior is consistent with the results presented in
previous Sections 2.2 and 2.3. For the sake of image clarity, we did not include the experiment for
droplets with samples sulfonated for 4 min (particle behavior is qualitatively similar to that of the
sample modified for 2 min) and for 32 min (particle behavior is qualitatively similar to that of the
sample modified for 16 min).
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Figure 4. Four silicone oil droplets suspended in castor oil, each containing different particles, from left
to right column: non-modified PS particles, and PS particles sulfonated for 2, 8, and 16 min. Initially,
the particles in each droplet are randomly dispersed, and the majority of the particles are in the droplet
bulk (a,d,g,j). The electric field is zero at t = 0 s (first row), then a 100 Hz square wave electric field of
strength 600 V/mm is applied (rows 2 and 3). The non-modified PS particles do not experience any
significant motion after the application of the electric field (b,c). The same applies for the PS particles
sulfonated for 2 min (e,f). The PS particles sulfonated for 8 min clearly interact with one another, and
short chains are present 10 s after the application of the electric field (h,i). Dipolar chaining is most
distinct for the PS particle sulfonated for 16 min (k,1). Scale bars are 500 um.

In Figure 5, we plot the average chain length versus time for the four droplets with different
PS particles (presented in Figure 4). In the absence of an electric field, the average chain length is
around two particles for the chains present in all four droplets. After the electric field is applied,
the PS particles interact via dipolar interactions and the length of the chains increases. The pure PS
particles (red squares) and PS particles sulfonated for 2 min (blue circles) form short chains (average
chain length after 30 s is around 2.5 particles), while the PS particles sulfonated for 8 min (yellow
triangles) and 16 min (green down pointing triangles) form longer chains, and the average chain
length after 30 s is around four to five particles, respectively. Quantitatively, this consistently shows
that the dipolar force between the PS particles increases with sulfonation time, allowing particles to
form longer chains in the droplet. We attribute this result to the increased electrical properties of the
particles obtained through sulfonation (see Table 2). For AC electric fields, the dipolar force between

p
where (7; = 0p +iwepep and oy, = i + iwepes, are the complex conductivities, 0p and ¢, are the
conductivities of the particles and droplet, w is the angular frequency of the electric field, ¢ is the
vacuum permittivity, and ¢ and ¢j, are the dielectric constant of the particles and the droplet. If we
insert numbers and compare the Q? values of the non-modified PS particles (0 min) and particles
sulfonated for the longest time (32 min), we obtain: Q%z / Q% = 2.3. This calculation shows that the
increased electrical properties of the PS particles (through sulfonation) can double the dielectric force,

supporting our observations.

two particles is proportional to the complex particle polarizability [58]: Q% = (0* — (fi’;) / (0’; + 20{;) ,
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Figure 5. Average length of chains plotted against time for PS particles used in the four droplets
presented in Figure 4.

As mentioned above and demonstrated in Figure 4, we apply AC electric fields with a frequency of
100 Hz to prevent the induction of EHD flows. We observe similar particle chaining effects, as presented
in Figure 4, when we apply AC electric fields with higher frequencies, i.e., up to around 5 kHz, which
is the limit of our voltage amplifier. However, if we decrease the frequency of the electric field, different
phenomena take place. Figure 6 shows a silicone oil droplet with pure PS particles adsorbed at the
interface. The particles were brought to the droplet interface and then gently dispersed by mechanical
stirring using a pipette tip. As a result, the majority of the particles are initially randomly dispersed
at the droplet interface, before the application of an electric field (Figure 6a). When an electric field
(600 V/mm) with a frequency of 100 Hz is applied, all of the particles are guided towards the electric
poles through the action of DEP (Figure 6b-d) [21]. The direction of the DEP force is determined

by the sign of B = Re( ;i*“;; fgx JRe( E?J: ng ), the Clausius-Mossotti factor of the droplet and particle
with respect to the exterior fluid [21]. The complex permittivity is €* = ¢ — ic/w, where w is the
angular frequency of the applied electric field. If B < 0, the particles aggregate at the equator, and if
Bp > 0, the particles aggregate at the droplet poles. Inserting numbers yields B ~ 0.05 for the studied
silicone-castor oil system (with pure PS particles), which is consistent with the DEP force direction
observed in our experiments. The interparticle dipolar forces are sufficiently strong (compared to
the DEP force) for the PS particles to form chains. Note that the dipolar interaction of particles at the
droplet interface is stronger than when they are in the bulk of the droplet, and even non-modified PS
particles form chains in the presence of an AC electric field. After we decrease the frequency of the
electric field to 5 Hz, the particles are transported in the opposite direction, i.e., towards the electric
equator (Figure 6e,f). This is due to induced EHD flows, which arise when free charges accumulate on
the interface of the droplet [16,59,60]. In this silicone oil droplet in castor oil system, the direction of
these flows is directed from the electric poles to the electric equator of the droplet. Experimentally,
we observe that the drag force on a particle due to the EHD flows dominates the DEP force for
frequencies below ~10 Hz. The EHD drag force increases with a decreasing frequency, as 1/w? [21].
At 5 Hz, the EHD flows are weak because the charges do not have sufficient time to accumulate at the
droplet interface (for a silicone oil droplet in castor oil system, the time for the interface to acquire its
steady-surface charge distribution is around 1 s). If we decrease the frequency to 1 Hz, the particles
move towards the electric equator more rapidly (Figure 6g,h), where they stay and form an equatorial
ribbon-like structure (Figure 6h). At this frequency, the EHD drag force dominates both the DEP and
dipolar force. As a result, the particle chains made of non-modified PS particles are broken into smaller

chains or single particles. When applying AC electric fields with low frequencies or DC fields, the
modified PS particles may form a compacted ribbon-like structure, or short dipolar chains assembled
at the electric equator of a droplet, or make long dipolar chains. The particle organization depends on
the dielectric properties and electric conductivity of the PS particles (presented in Figure 7).
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600 Vmm, 100 Hz, 8 min )

600 Vmm™, 1 Hz, 12 min || 600 Vmm™, 1 Hz, 11 min || 600 Vmm, 5 Hz, 10 min || 600 Vmm™, 5 Hz, 9 min

Figure 6. A silicone oil droplet containing pure PS particles and suspended in castor oil. The majority
of particles are at the interface, randomly dispersed (a). An electric field of strength 600 V/mm is
applied through the whole experiment, and the frequency is adjusted between 100 Hz (b-d), 5 Hz (e f),
and 1 Hz (g,h). By tuning the frequency of the electric field, it is possible to change the surface particle
arrangements. Scale bar is 500 um, and the droplet radius around 1 mm.

Figure 7 shows three silicone oil droplets suspended in castor oil (same oils and droplet sizes as
used in Figure 4), each covered by particles with different degrees of sulfonation, including PS particles
sulfonated for 4, 8, and 32 min. The particles were brought to the interface and then gently dispersed by
mechanical stirring using a pipette tip. As a result, a majority of the particles are randomly dispersed
at the droplet interface (Figure 7a,c,e). In this system, the particle density is similar to those of both oils,
so the gravitational force (vertical direction in all images) can be neglected. Each droplet is subjected
to a DC electric field, initiating particle movement. We use an electric field strength of 150 V/mm,
not 600 V/mm as in the experiments with AC fields, because the EHD flows that are present in DC
electric fields generate instabilities on the droplet surface, which may lead to the formation of spinning
domains [23,61], as presented in Figure S1.

In addition to the gravitational force, the PS particles at the droplet interface experience three
different forces when subjected to a DC electric field: EHD drag, DEP and dipolar forces. In Section 2.3,
we ascertained that the electrical properties of the PS particles increase with the sulfonated time. For the
particles sulfonated for short periods of time, the low dielectric constant and electric conductivity
(Table 2) yield DEP and dipolar forces that are ~2-3 orders of magnitude smaller than the EHD
drag force. Consequently, EHD circulation flows govern the dynamics of PS particles sulfonated for
short periods of time (4 min), i.e., the particles follow the EHD flows and are brought to the droplet
equator where they form a ribbon-like structure (Figure 7b) [23,62]. For these particles, we do not
observe any direct electrical interactions (e.g., electrophoretic motion or dipolar interaction between
the particles). A similar behavior is observed for pure PS particles and PS particles sulfonated for
2 min (not shown here). The direction of the EHD flows and the droplet deformation are determined
by the ratios between the conductivities and dielectric constant of the fluids [23,63,64]. In our case,
the surrounding castor oil conducts approximately 10 times better than the silicone oil, thus resulting
in an oblate deformation (droplet axis perpendicular to the electric field direction is larger than the axis
parallel to the electric field direction), and the EHD flows are directed from droplet electric poles to
the electric equator [16]. The PS particles sulfonated for longer periods of time have higher dielectric
constants and conductivities (than the PS particles sulfonated for shorter times), resulting in stronger
dipolar interactions.
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Figure 7. Three silicone oil droplets suspended in castor oil, each covered by particles with different
degrees of sulfonation, including PS particles sulfonated for 4, 8, and 32 min. The majority of particles
are at the interface, randomly dispersed (a,c,e). Each droplet is subjected to a DC electric field of
150 V/mm, initiating particle movement. The PS particles sulfonated for 4 min are carried by circulating
EHD flows towards the electric equator and assemble into a “ribbon-like” structure (b). For the
PS particles sulfonated for the longest time, i.e., with the largest dielectric constant and electrical
conductance, we observe particle chain-structures that align along the electric field lines and span the
entire droplet (f). Interesting particle organization takes place for the PS particles modified for 8 min.
Due to the combined action of EHD flows and dipolar attractive interactions between the particles,
chain like assemblies form and are structured at the electric equator (d). Scale bars are 500 um and the
droplet radii are around 1 mm.

For DC electric fields, the dipolar force between two particles is proportional to the factor [65]:
B> = (op — oin)?/ (op + 201,)%, involving the conductivities of the particles 0p and the surrounding
fluid oj,. If we insert numbers and compare § between the non-modified PS particles (0 min) and
the particles sulfonated for the longest time (32 min), we get: f2,/p3 ~ 360. This shows that the
sulfonation process results in larger interparticle dipolar forces. Particles are able to form chains
when the dipolar force exceeds the EHD drag force. This is the case for the PS particles modified for
8 min, where the combined action of the EHD flows and dipolar forces between the particles leads to
chain-like assemblies being formed and structured at the electric equator of the droplet (Figure 7d).
The dipolar force between the particles is attractive when they are aligned parallel to the electric field
direction, and repulsive when aligned perpendicular to the electric field direction. That is why the
particle chains are separated.

If the dipolar force is sufficiently strong compared to the EHD drag force, the particles can form
chains from droplet pole to droplet pole (Figure 7f), and suppress or remove the EHD flows by short
cutting the electric poles [23]. These chains conduct electric current much better than oils and form
electrical short cuts between the two droplet electric poles. As a result, the droplet becomes less oblate
(Figure 7f) and can even stretch and acquire a prolate shape if the particle concentration and electric
field are higher.

The DEP force on the particles also increases with the dielectric constant and electric conductivity
of the particles. However, the increase in the DEP force between non-modified particles (0 min) and
particles sulfonated for a long time (32 min) is only one order of magnitude (for equations see [21]).
The DEP force is thus dominated by both EHD and dipolar forces, and it is safe to neglect DEP forces
in this experiment.
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3. Discussion and Conclusions

In this work, we have investigated how sulfonation changes the electrical properties of PS particles
and how this modification affects particle organization at the interfaces and bulk of droplets subjected
to electric fields. To study how our sulfonation procedure changes the properties of the PS particles, the
particles were sulfonated for different lengths of time and compared. FTIR studies of the sulfonated PS
particles show that our sulfonation procedures impart sulfate groups to the surface of the PS particles.

We measured the electric conductivity and dielectric constant of pure and modified PS particles.
The measurements consistently show that these electric parameters increase with sulfonation time.
Electro-rheology experiments were also performed on pure and sulfonated PS particles dispersed in
silicone oil. Consistent with the measured electrical properties, we find that the shear stress value of
the particle dispersions increases with the sulfonation reaction time. We can thus conclude that our
sulfonation procedure brings sulfate groups to the surface of the PS particles, and that the degree of
sulfonation increases the dielectric constants and electric conductivities) of the PS particles.

We also studied how these modified particles organize in the bulk and interfaces of droplets, when
subjected to electric fields. PS particles with different degrees of sulfonation were placed in silicone oil
droplets and suspended in castor oil. First, we applied AC electric fields to study the formation of
particle chains and structuring of particles at droplet poles. The electric field strength, frequency, and
fluids were kept constant, with particle properties being the only variable parameters. We observed
that the PS particles sulfonated for long periods of time (32 min) form longer chains compared to PS
particles sulfonated for shorter periods of time (0 min). This is attributed to the change in the electrical
properties, affecting the dipolar force between particles. Next, we studied how PS particle organization
changes with the frequency of the applied electric field. When we apply an electric field with a high
frequency (100 Hz), the PS particles form chains and move towards the droplet poles. This movement
is caused by DEP forces. When we decrease the frequency (to 5 and 1 Hz), the particles move in the
opposite direction, towards the droplet equator. This is because free charges have time to accumulate
at the droplet interface, inducing EHD flows with a direction from the droplet poles to the droplet
equator. The EHD drag force experienced by the particles increases with the electric angular frequency
as 1/w?, and becomes stronger than both the DEP and dipolar forces when the electric field frequency
is sufficiently low. Particles chains are then broken into smaller chains or individual particles, and
assemble in a ribbon at the droplet equator.

In the last part of the paper, we utilized DC electric fields. With particle properties as the only
variables, we observed that PS particles sulfonated for longer periods of time form long chains, while
PS particles sulfonated for shorter periods of time do not form chains at all. Our calculations show that
the dipolar force between particles can increase by three orders of magnitude when we compare pure
PS particles with PS particles sulfonated for 32 min. The dipolar force is weaker than the EHD drag
force for the pure PS particles, preventing them for forming chains. When PS particles are sulfonated,
the dielectric constant and electric conductivities increase, resulting in dipolar forces that exceed the
EHD drag force.

In the future, we plan to extend these studies to mixtures of particles with different electrical
properties, and also vary both the strengths and frequencies of the electric fields. We foresee that by
doing so, it will be possible to obtain new particle architectures at droplets surfaces. PS particles can
be easily sintered and this allows us to permanently lock the assembled structure formed, for example,
Janus shells with anisotropic properties.

We note that the PS particles in the bulk of the droplet arrive at the droplet interface much faster
than particles of the same size made of polyethylene particles that we studied before [23]. This is
possibly due to charges that sulfonated particles acquire. It was demonstrated that the values of the
zeta potential increase as the sulfonation reaction progresses to up to few hours [24].

As a final remark, we discuss the importance of the wettability of PS particles. Once the sulfonated
PS particles are brought to a drop surface, they bind to it with a binding energy proportional
to a2y (14 cos 6)2, where a is the particle radius, v is the surface tension between the drop and
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surrounding fluids, and 6 is the contact angle. The sign inside the bracket is defined as positive
for the removal of particles into the outer surrounding liquid. The particle binding energy to the
interface is maximum when the contact angle is equal to 90°. Generally, PS particles with a high
degree of sulfonation become more hydrophilic than non-modified PS particles, and thus have a higher
affinity towards castor oil than silicone oil. Experimentally, we observe that the sulfonated PS particles
bind weakly to droplet interfaces and may detach due to strong EHD flows or dipolar interactions,
as presented in Figure S2.

4. Materials and Methods

4.1. Sulfonation of PS Particles

The PS particles were purchased from Microbeads AS, Skedsmokorset, Norway (Dynoseeds
TS40 6317) with mean diameters of around 40 um, a density of around 1.05 g-cm~3, and without
cross-linking. The general preparation route for the chemical modification of PS particles was as
follows. Firstly, sulfuric acid (5 mL, 98%, 231-639-5, Chempur, Piekary Slaskie, Poland) was poured
into a glass vial filled with polystyrene powder (5 g). During the chemical reaction, the temperature
was maintained at 50 °C by placing the vial into a water bath. The powder dispersion was continuously
stirred using a magnetic stirrer. After the respective stirring time, the dispersion was neutralized using
a concentrated potassium hydroxide water solution. Subsequently, the dispersion was poured into a
sintered glass funnel (connected to a side-arm flask with a tube leading to a vacuum pump), and the
sulfonated polystyrene particles were rinsed thoroughly with distilled water. Finally, the sulfonated
particles were dried at 75 °C for 24 h. To study the influence of the reaction time on the final physical
properties of the sulfonated particles, we made eight samples prepared at incremental reaction times:
2,4,8,16,32, 64, 128, 256 min, respectively. The schematic representation of the sulfonation procedure
is presented in Figure S3. We studied the influence of water content on the electrical properties of
sulfonated PS particles by lyophilization conducted in a freeze dryer (IlshinEurope TFD5503) at —50 °C
and 50 mTorr for 24 h. Before the lyophilization, the samples were stored in a freezer at —20 °C for
24 h.

4.2. FTIR Studies

A Tensor 27 FTIR spectrometer (Bruker Optics, Ettlingen, Germany) equipped with a single
reflection diamond ATR unit was utilized for the IR analyses. Before each spectral acquisition session,
the background was recorded and the background spectra were subtracted from the FTIR spectrum
of each sample. The FTIR-ATR spectra were then recorded in the 900-1250 cm~! range by running

512 scans with a resolution of 2 cm 1.

4.3. Optical Photography and Scanning Electron Microscopy Imaging

The dry samples in Figure 2 (top row) were photographed using a digital camera (Canon EOS
700D, Tokyo, Japan). The structural surface characterization of the sulfonated PS particles presented in
Figure 2 (bottom row) was performed by scanning electron microscopy, using a JEOL JSM-7001F TTLS
(JEOL Ltd., Tokyo, Japan). We prepared the powder samples by spreading a thin layer of the powder
onto a double-sided conductive carbon tape. The surface of the uncoated samples was imaged via
secondary electron imaging and observed at an accelerating voltage of 1 kV, to avoid a charging effect.

4.4. Measurements of Dielectric Constant and Electric Conductivity

To determine the dielectric constant and the electrical conductance of the powder samples, we
carried out capacitance measurements by means of an LCR meter (Agilent E4980A, Santa Clara, CA,
USA) at a frequency (f) of 100 Hz. A home-made cylindrical capacitor (with dimensions depicted in
Figure 54) was used as a sample holder, where the separation distance between the inner and outer
cylindrical electrode was 1.4 mm, which gives a capacitance value of the empty capacitor (C,) equal to
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2.78 pF. The studied sample was poured into the cylindrical gap, while the homogenous filling was
provided by shaking the capacitor. We performed measurements with an effective voltage value of
1V at room temperature (24 °C) and an ambient pressure. The LCR meter was set to parallel mode,
where the capacity (C) and the dissipation factor (tan ¢) were recorded. Then, the dielectric constant (¢)
and conductance (G) values were calculated by: ¢ = C/C,, G = 2nfCtan 4. Finally, the conductance was
converted to the electrical conductivity ().

4.5. Rheometry

The electro-rheological properties of the sulfonated PS particle dispersions were measured under
direct current (DC) electric fields using a Physica MCR300 Rotational Rheometer equipped with a
coaxial cylinder Physica ERD CC/27 (Malvern Instruments Ltd., Malvern, UK). Silicone oil (Dow
Corning, Auburn, AL, USA) with a viscosity of 50 cSt, an electrical conductivity of approximately
3-5pS-m~1, and a relative permittivity of around 2.8, was used for the experiments. All the rheological
measurements were performed at a constant temperature of 23 °C. The flow curves were collected in
the shear rate range between 0.1 and 1000 s~1 and at different electric field strengths, namely 0.5, 1, 2,
4,6, and 8 kV/mm, respectively.

4.6. Experimental Set-Up for Electric Field-Driven Particle Assembly

The experimental set-up for the electric field-driven particle assembly of PS particles consisted of
a sample cell placed on a mechanical x-y-z translational stage, a digital microscope, a signal generator,
a voltage amplifier, an oscilloscope for monitoring signal shape and amplitude, and a PC for recording
images. We used 10 mm x 10 mm plastic cuvettes (typically used for light spectroscopy) with two
copper plates constituting electrodes, as a sample cell. Castor oil (83912, Sigma-Aldrich, St. Louis, MO,
USA, density of 0.961 g-cm 3 at 25 °C, electrical conductivity of around 60 pS-m ™!, relative permittivity
4.7, and viscosity of around 700 cSt) was poured into the cell. Silicone oil droplets containing PS
particles were introduced into the castor oil by a mechanical pipette. To minimize the buoyancy force
on the droplet with particles, two silicone oils (200/10 ¢St and 200/100 cSt, Dow Corning, Auburn,
AL, USA, electrical conductivity approximately 3-5 pS-m~!, relative permittivity 2.8) with densities of
0.960 and 0.965 g-cm 3 (measured at 25 °C) were adequately mixed, to match the castor oil density.
The AC electric signal was always square-shaped and bipolar, and its RMS value (i.e., half of the
peak-to-peak value) was provided in the text and figure captions. Optical microscopy observations
of the electric field-driven particle assembly of PS particles presented in Figures 4, 6 and 7, were
performed using a CMOS camera (UI-3590CP-C-HQ, IDS Imaging Development Systems GmbH,
Obersulm, Germany) mounted on a high-magnification zoom lens system (MVL12X3Z, Thorlabs, Inc.,
Newton, NJ, USA). The experimental set-up is presented in Figure S5. All droplets have similar radii
(~1 mm), and the small differences in their size do not affect the observed effects of particle structuring.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/10/4/329/s1.
Figure S1: Instabilities on droplet interface at high DC electric fields, Figure S2: Particle detachment from a
silicone oil droplet suspended in castor oil, Figure S3: Schematic illustration of the sulfonation process of spherical
PS particles, Figure S4: A home-made cylindrical capacitor used as a sample holder for measuring electrical
capacitance and dielectric constants, Figure S5: Experimental set-up for the electric field-driven particle assembly
of PS particles consisted of a CMOS camera.
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Supplementary Materials: Electric Field-Driven
Assembly of Sulfonated Polystyrene Microspheres

Alexander Mikkelsen 1, Jarostaw Wojciechowski 2, Michal Rajnak %4, Juraj Kurimsky 4,
Khobaib Khobaib !, Ahmet Kertmen > and Zbigniew Rozynek *

Figure S1. Instabilities on droplet interface at high DC electric fields. A silicone oil droplet containing
pure PS particles (diameter 40 um) and suspended in castor oil. The particles are at the droplet
interface. A DC electric field of strength 100 V/mm (a), 200 V/mm (b) and 600 V/mm (c) is applied in
horizontal direction. When a strong electric field is applied, instabilities develop at the droplet
interface, leading to the formation of spinning particle domains (c). The droplet radius is around 1
mm.

Figure S2. Particle detachment from a silicone oil droplet suspended in castor oil. The droplet is
covered with 40 pum PS particles sulfonated for 32 min. An AC electric field (100 Hz) of strength
400 V/mm is applied in horizontal direction. The dipolar interactions between particles forming
chains are strong, and some of the particles eventually detach from the droplet interface. This is
because the particles have high affinity to the surrounding castor oil, resulting in low binding energy
to the drop interface.

Figure S3. Schematic illustration of the sulfonation process of spherical PS particles. PS particles were
placed in a small Erlenmeyer flask with sulphuric acid at 50 °C (placed in a water bath) and stirred
using a magnetic stirrer (a). After the specific reaction periods, sulfonated polystyrene particles were
filtrated by suction through a filter (b). Once the sulphuric acid was filtered out, the particles were
washed with deionized water, saturated in KOH solution and then washed with deionized water
again. Finally, the PH value was measured to control that the particles were properly neutralized.
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Figure S4. A home-made cylindrical capacitor used as a sample holder for measuring electrical
capacitance and dielectric constants. The separation distance between the inner and outer cylindrical
electrode was 1.4 mm, which gives a capacity value of the empty capacitor (Co) equal to 2.78 pF.
PS samples were poured into the cylindrical gap, while a homogenous filling of the cell was ensured

by properly shaking of the capacitor.

(b)

Figure S5. Experimental set-up for the experiments on electric field-driven particle assembly of PS

particles consisted of a CMOS camera @ mounted on a high-magnification zoom lens system @, a
light source @, a sample cell placed on a mechanical x-y-z translational stage @, a voltage amplifier,
an oscilloscope, and a PC for recording images (a). As sample cells, we used 10 mm x 10 mm plastic
cuvettes (typically used for light spectroscopy) with two copper plates constituting electrodes (b).
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Drops covered by adsorbed particles are a prominent research topic because they hold promise for a
variety of practical applications. Unlocking the enormous potential of particle-laden drops in new
material fabrication, for instance, requires understanding how surface particles affect the electrical and
deformation properties of drops, as well as developing new routes for particle manipulation at the
interface of drops. In this study, we utilized electric fields to experimentally investigate the mechanics of
particle-covered silicone oil drops suspended in castor oil, as well as particle assembly at drop surfaces.
We used particles with electrical conductivities ranging from insulating polystyrene to highly conductive
silver. When subjected to electric fields, drops can change shape, rotate, or break apart. In the first part
of this work, we demonstrate how the deformation magnitude and shape of drops, as well as their
electrical properties, are affected by electric field strength, particle size, conductivity, and coverage.
We also discuss the role of electrohydrodynamic flows on drop deformation. In the second part, we
present the electric field-directed assembly and organization of particles at drop surfaces. In this regard,
we studied various parameters in detail, including electric field strength, particle size, coverage, and
electrical conductivity. Finally, we present a novel method for controlling the local particle coverage and
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packing of particles on drop surfaces by simply tuning the frequency of the applied electric field. This

rsc.li/soft-matter-journal approach is expected to find uses in optical materials and applications.

particle manipulation is essential to further developing the
abovementioned research areas.

1 Introduction
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Drops covered by micro- and nanoparticles have recently
received considerable research interest."™ This is because they
are promising for a variety of practical applications, such as in
food technology,’ the oil industry,® biofuel processing,” and for
improving pharmaceutical products.® Moreover, such drops
possess characteristics that make them useful as experimental
model systems for studying, for example, particle effects on
interfacial tension,’ particle crystal growth and ordering or
particle layer buckling on curved interfaces,'®™® particle assembly
and rearrangement on drop surfaces,*"* and particle detachment
from drops.’® Particle-covered drops can additionally be employed
for fabricating porous structures,'” granular or colloidal capsules
of different mechanical properties, morphologies, or shapes,'®"
and adaptive structures.” In this context, broadening knowledge
of particle-covered drop stability, deformation, and surface
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The deformation of drops can be induced and investigated
using various experimental tools, including atomic force
microscopes,*?*> microfluidic devices,”>** and by utilizing
mechanical shearing®®?” or electric fields. For manipulating
particles at drop surfaces or in the bulk of a drop, there are many
physical or chemical approaches, such as pH-controlled particle
assembly,* acoustic wave-induced bulk and surface particle
convection,* magnetic field-directed particle assembly,*® and
electric field-assisted particle arrangements.>®

In this work, we explore the possibilities of employing
electric fields as a contactless method for both drop deforma-
tion and the manipulation of particles at drop interfaces. In our
experiments, no mechanical shearing or microfluidic flow was
required to induce drop deformation, and the electric stresses
imposed on the drops were axisymmetric. For that reason,
the studied drops were stationary in the sample cell, which
facilitated the experimental observation of the drops.

Particle organization at the surface of drops is achievable by
various electric field phenomena. Electric fields can manipulate
particles by exerting forces that are acting on them either
directly, e.g. through particle motion via dipolar forces, or
indirectly, e.g. by particle convection through electric field-
induced liquid flows. Electrohydrodynamic (EHD) liquid flows,*”*®

28-32

This journal is © The Royal Society of Chemistry 2018
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dipolar interactions,*® dielectrophoresis (DEP),
statics,*® or electrocoalescence® can be utilized to transport,
assemble, or sort particles at drop interfaces. Removing parti-
cles from a drop is also possible through tip-streaming
mechanisms® and strong EHD flows.'* The applicability
of the abovementioned approaches depends on the electric
properties of both the particles and the liquids. For example,
the dielectrophoretic force (force exerted on an object subjected
to a non-uniform electric field) acting on drop surface particles
is very small (and cannot be used to manipulate particles) when
the dielectric properties of those particles are similar to those
of the drop and surrounding liquid.*"

We performed experiments on silicone oil drops suspended
in castor oil (weakly conductive liquids) that were covered by
microparticles with a broad spectrum of electrical conductivities
and subjected to uniform electric fields. We present our inves-
tigations and conclusions on drop deformation and stability
affected by the applied electric field strength, surface particle
size, and electrical properties (Section 3.1); as well as surface
particle coverage (Section 3.2). Moreover, we show how surface
particles can be assembled and structured at drop interfaces
(Section 3.3). In addition, we demonstrate an approach for
actively controlling local particle coverage and packing at drop
interfaces (Section 3.4). Before investigating particle-covered
drops, let us first discuss the behaviour of a corresponding
and simplified system, namely, a particle-free silicone oil drop
formed in castor oil and subjected to electric fields.

1.1 Behaviour of particle-free silicone oil drops in
electric fields

The electric conductivity and dielectric constant of a silicone oil
drop is smaller than those of the surrounding castor oil. When
subjected to a direct current (DC) electric field, free charges
(ionic impurities) in the oils accumulate at the drop interface.
This results in the formation of a drop dipole moment directed
in the opposite direction of the electric field. The action of the
applied DC electric field on the free charges at the silicone oil
drop yields electric stresses. At the electric poles of the drop
(surface areas closest to the electrodes), electric stress has only
a normal component that is balanced by capillary forces and
the pressure difference across the drop interface. There are no
free charges at the electric equator of the drop, and thus there
is no electric stress at this area of the drop. Everywhere else at
the drop interface, electric stress has two components: normal
and tangential to the drop interface. As a result of normal
electric stress, the drop is compressed along the electric
field direction, obtaining (within a second) an oblate shape.
Tangential electric stress induces electrohydrodynamic flows at
the drop interface that shear the liquids inside and outside the
drop. In general, the direction of these EHD flows depends on
the free charge distribution at the drop interface. In the case of
a silicone oil drop suspended in castor oil, the EHD flows at the
drop surface are directed from the drop poles to the drop
equator (for more details, see ref. 43). As long as the applied
electric field strength is weak (typically <200 V mm™'), the
induced EHD liquid flows can be used to convect and eventually

This journal is © The Royal Society of Chemistry 2018
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assemble surface particles, as we discuss later in this section. At
strong DC electric fields, weakly-conductive drops may undergo
electrorotation**™® or break apart.*”

The accumulation of free charges at the interface of a drop
requires finite time. For the drop system studied here, the time
for free charges to build up at the drop interface (the Maxwell-
Wagner relaxation time)*® was ~1 s. Therefore, when applying
alternating current (AC) electric fields with sufficiently high
frequencies, the electric field changes direction so quickly
that no free charges accumulate at the drop interface. Experi-
mentally, we observed no EHD flows for electric field frequen-
cies above 100 Hz. At such electric field conditions, the drop
behaves as a dielectric drop, ie. there are only polarization
charges present and no free charges. The dipole moment of the
drop is now in the same direction as the applied electric field,
unlike the situation when a DC field is applied. Accordingly, the
drop stretches along the electric field direction, acquiring a
prolate shape, and no EHD flows are present. Drop deformation
is defined as D= (d; — d,)/(d, + d ), where d| and d , are the
drop axes parallel and perpendicular to the electric field direc-
tion, respectively. For small deformations, the drop deforma-
tion scales as E” for both DC and AC electric fields.*

1.2 Behaviour of particle-covered silicone oil drops in electric
fields

Adding particles to the drop surface may alter drop behaviour
and characteristics in electric fields. The deformation,*®°
mechanics,*>”"* relaxation,>® or rotation®® of particle-covered
drops can differ from those of a pure drop. The surface particle’s
size, concentration, and electrical properties can influence the
properties of the drop. The deformation of a pure silicone oil
drop subjected to a DC electric field is affected by the amount of
free charges built up at its interface. The addition of particles
may influence the free charge accumulation and lead to an
increase of the drop deformation in either direction (oblate
or prolate configurations) or decrease the drop deformation
magnitude. Furthermore, the addition of particles may also
affect the magnitude of EHD flows, change drop conductivity,
or influence drop stability. We describe these situations in the
first part of this work.

1.3 Assembly of surface particles and their active structuring

Previous work showed that non-conductive (polymeric) particles
assemble at the drop equator in the form of a ribbon via EHD
flows, whereas for the same silicone oil-castor oil system, conductive
(silver-coated) particles formed longitudinal particle chains via
dipolar interactions.”® Particles that are similar except for their
dielectric properties may be transported either to the electric poles
or electric equator of the drop by dielectrophoretics.*” These
examples demonstrate the importance of the electrical properties
of surface particles for particle assembly. Besides their electrical
properties, we also investigated the influence of particle coverage
and particle size on their organization at drop interfaces.

The family of electrokinetic phenomena offers different
types of mechanisms that also enable the formation of active
materials. Previous work demonstrated that controlling electric

Soft Matter, 2018, 14, 5442-5451 | 5443
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field strength made it possible to actively structure and redistri-
bute non-ohmic (i.e. having a non-linear relationship between the
electric current and the voltage) clay mineral particles at the drop
interface.?® In the current study, we expanded the structuring to
ohmic conductive particles. By utilizing the knowledge gained
from the experiments presented in the first parts of this paper,
we were able to actively structure conductive particles and to locally
change their concentration and packing. Such smart material is
easily controlled by tuning the electric field frequency, enabling
the switching between two physical mechanisms: particle—particle
dipolar interactions and EHD flows.

2 Materials and methods
2.1 Experimental set-up

Fig. 1 shows a schematic illustration of the set-up used in the
experiments. The set-up consisted of a sample cell placed on a
mechanical x-y-z translational stage, a signal generator
(SDG1025, Sigilent), a high-voltage bipolar amplifier (10HVA24-
BP1, HVP), two digital microscopes (AM7115MZTL, DINO-LITE)
for front and side viewing (perpendicular and parallel to the electric
field direction), and a PC for recording movies and images. The
sample cell was made of glass with two of the inside walls coated
with conductive indium tin oxide (ITO) constituting electrodes.
A high-voltage signal was provided to the sample cell via two
crocodile clips attached to the ITO-coated glass electrodes. The
AC electrical signals used in the experiments presented in Section
3.4 were square-shaped and bipolar, and the provided signal values
were root-mean-square values.

2.2 Oils and particles

The sample cell was filled with castor oil (83912, Sigma-Aldrich,
density of ~0.96 g em™> at 25 °C, electrical conductivity
of ~50-100 pS m ', relative permittivity ~4.7, and viscosity
of ~700 mPa s at 25 °C). Silicone oil (6678.1000, Rhodorsil Oils
47, density of ~0.96 g cm™> at 25 °C, electrical conductivity
of ~5-10 pS m™ ", relative permittivity ~ 2.8, and viscosity of
~50 mPa s at 25 °C) drops with or without particles were made

( a) Electrodes
Digital microscope 1
T
1\»\ & (%74l Sample cell Light
el : source
< ! 5=
= NG%
A\ Y
“/) = x-y-z stage '
< A
v J
Digital microscope 2 (43 3
e/

Fig.1 (a) A schematic illustration of the set-up used in all experiments.
The set-up consisted of a sample cell placed on a mechanical x-y-z
translational stage, two digital microscopes for front and side viewing
(perpendicular and parallel to the electric field direction), a signal
generator, and a voltage amplifier for generating high-voltage bipolar
signals provided to the cell via two crocodile clips. (b) The sample cell
was made of glass with two of the walls coated with electrically-
conductive ITO layers. The transparent ITO-covered glass electrodes
allowed for observation in a direction along the electric field. Drops with
or without particles were made using a mechanical pipette.
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in castor oil using a mechanical pipette, as presented in Fig. 1b.
Particles in the bulk of the silicone oil drops were brought to
the drop interface by applying a DC electric field and/or by
particle sedimentation.

Different particle materials were used in the experiments,
including conductive silver-coated hollow glass microspheres
(M-40-0.67 and M-60-0.17, with an average size of 15 um and
55 um, both with electrical conductivities of ~10” S m™?,
purchased from Cospheric LLC) and polystyrene (PS) particles
with an average size of ~40 um (Dynoseeds TS40 6317, electrical
conductivity of ~10™"' S m™", density of ~1.05 g cm™?, purchased
from Microbeads AS, Norway). The pristine PS particles were
chemically treated (sulfonated, as described by Mikkelsen et al.>*)
to increase their electrical conductivities to ~5 x 1072 S m™ .
The PS particles were labelled PS0, PS16, and PS32, where the
numbers refer to the sulfonation reaction time in minutes.

2.3 PIV experiments

The flowlines around drops were traced using particle image
velocimetry (PIV). Fluorescent PE particles (UVPMS-BY2-1.00,
size of ~35 pum, Cospheric LLC) were dispersed in castor oil
(0.3% by weight) and poured in the sample cell. A 500 pm thin
sheet of particles was selected by focusing a 532 nm laser light
(COM-09906-5 mW, SparkFun Electronics) from above the
sample cell through a laser line generator lens (Powell lens),
as presented in Fig. S1 (ESIT). Silicone oil drops with or without
surface particles were created in the castor oil using a mechan-
ical pipette and brought to the drop interface, as explained
above. During the experiments, the laser sheet was always
aligned in the middle of the drop and oriented along the
electric field direction and perpendicular to the view direction
of the microscope. Movies (5 fps) were recorded for each experi-
ment with a 1920 x 1080 pixel resolution (1 pixel ~ 6.2 um).
25 sequential frames were then compared and analysed using
PIVlab (v.1.41, Matlab toolbox application),>® yielding flow
velocities for each interrogation area (the frames were split
into a number of interrogation areas of size 64 x 64 pixels,
which were then individually cross-correlated with the previous
frame to obtain displacement vectors). Matlab (v.R2017b,
MathWorks) was then used to plot the flow velocities, while
Adobe Photoshop CC2018 (v.19.0, Adobe Systems) was utilized
to create masks and add images of the analysed drops on top of
the flow velocity figures.

3 Results

3.1 Electric field-induced deformation of Pickering drops

Initially, we investigated how the deformation of Pickering
drops (drops fully covered by particles) is influenced by the
strength of an applied DC electric field, as well as the size and
electrical conductivity of surface particles. Silicone oil drops
(size ~2 mm) covered by particles were formed in castor oil and
subjected to DC electric fields ranging from 0 to 200 V mm™".
Fig. 2a presents images of five silicone oil drops covered by

particles with electrical conductivities ranging from 10" to

This journal is © The Royal Society of Chemistry 2018
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10 S m™" and sizes between 15 and 55 um. The drops were
densely covered by particles (we estimated the particle coverage
to be around 0.8, which is close to the maximum theoretical
packing fraction).?® As a reference, the deformation of a pure
silicone oil drop is also included. Note that all drops were
spherical before the application of electric fields, indicating
that there was no particle jamming. This is important because
the rigidity of jammed elastic shells increases with asphericity,
and higher rigidity makes the particle-covered drop more
difficult (requiring higher electric stress) to deform.>”

Fig. 2b presents quantitative data on drop deformation versus
the applied electric field strength for the drops imaged in Fig. 2a.
The particle-free silicone oil drop (pink triangles) and the drop
covered by non-conductive PSO particles (cyan diamonds)
deformed into oblate shapes (compressed in the direction of
the electric field). That is because the free charges accumulated
at the drop surfaces created a drop dipole moment oriented in
the opposite direction of the electric field. However, the steady
state deformation of the PSO-covered drop was slightly larger
than that of the particle-free silicone oil drop.

Supported by our previous work, we propose two origins for
the increased drop deformation. First, the insulating particles
reduced the electrical conductivity of the drop interface,
allowing more free charges from the oils to accumulate on
the drop interface, hence increasing the electric stress on the
drop. Second, the induced EHD flows were greatly diminished
or absent when the drop was covered by particles.>” EHD flows
have been reported to weaken the steady-state deformation of
particle-free drops by removing free charges from the drop
interface by convection, thus decreasing the charge accumulation
at drop surfaces (and the electric stress acting on the drops).>®

We decided to perform experiments to study the effect of
particle coverage on EHD flows (their patterns and strengths).
Fig. 3 presents the results of PIV experiments performed on

50 Vmm? 100V mm? 150 V. mm? 200V mm™ o, (S m™?) Bj Size (um)
Si oil O O O O ~101 - .
PSO £ : ’ ’ O ~10" ~0.1 ~40
PS16 2 : ~5x10™ ~0.6 ~40
PS64 ' ‘ ‘ x ~5x10° ~0.9 ~40

’ ‘ . x ~107 ~1 ~55

0@ x - - -

Fig. 2
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Fig. 3 (a—d) PIV images of (a) a particle-free silicone oil drop and silicone
oil drops covered by non-modified PS particles with particle coverages
(b) ~0.2, (c) ~0.48, and (d) ~0.81. The drops were subjected to a DC
electric field of 170 V. mm™ (in the horizontal direction), yielding steady-
state drop deformations of (a) —0.023, (b) —0.026, (c) —0.028, and
(d) —0.04. All drops had diameters equal to 2 mm and the scale bar is
1 mm. The asymmetry of the flow fields in (a—c) was caused by downward
drop sedimentation, drop motion towards one of the electrodes, and,
in (b and c), by non-uniform particle distribution. The masks in the middle
of the flow fields are figures created from images of the drops used in
the experiments.

silicone oil drops with PS0 surface particles at different particle
coverages subjected to a DC electric field of 170 V. mm ™. The
results from the PIV experiments confirm that the induced
EHD flows at drop interfaces are indeed reduced by surface
particles. When the particle coverage was increased from
0 (particle-free drop) to around 0.8 (drop fully covered by
particles), the maximum EHD flow velocity around the drop

(b)

[ lI Ag (55 um) I ]

020 | ® Ag(15um) -
| A PS64(40um) ‘

V¥ PS16 (40 um) g

o045 [ ® PSO(40pum) + h
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a) Electric field-induced deformation of silicone oil drops covered by particles with different electrical properties and sizes. The size of the drops

was 2 mm and the electric field was applied in the horizontal direction. The deformation of a pure silicone drop is also included as a reference. Values of

the electrical conductivity of the particles (o), the conductivity mismatch between particles and castor oil (f, = (o,

— oex/(op + 20¢,)), and the size of the

particles are provided. The crosses indicate drop breakup. (b) Steady-state deformation versus applied electric field squared for the drops imaged in (a).
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decreased from 150 to nearly 0 um s~ ", verifying that EHD flows
surrounding a silicone oil drop in castor oil are suppressed
when the drop is fully covered by particles. Moreover, Fig. 3b
and c shows that EHD flows exist near the particle-free regions
of the drop, and that these flows are asymmetric, i.e. the flow
magnitude is stronger at the drop sides where there are less
particles. The particle layer gives the drop surface shear elasti-
city (it behaves like an elastic sheet), which immobilizes the
drop surface and greatly suppresses the EHD flows around
particle-covered areas at the drop interface.’®°

We found that silicone oil drops behaved as conductive drops
and stretched in the direction of the applied electric field (prolate
deformation) when they were fully covered by particles that were
more conductive than both oils. In fact, the results presented in
Fig. 2b are in accordance with previous work on the deformation
of conducting drops.”” In DC electric fields, drops behaving as
conductors acquire a free charge distribution that sets up a drop
dipole moment oriented in the same direction as the electric field,
i.e. the dipole moment of these drops is oriented in the opposite
direction to the dipole moment of the pure silicone oil drop (or the
drops covered by PSO particles).®* Accordingly, the electric stress at
the drop surface deforms the conductive drop to a prolate shape.
The next section presents more about drop stretching and our
study of the influence of particle coverage on drop deformation.

3.2 Influence of particle coverage on drop deformations

Fig. 4a presents images of silicone oil drops covered by five
types of particles (the same particles shown in Fig. 2) with
different particle coverages. The drops were subjected to a DC
electric field of 170 V. mm ™. Fig. 4b displays quantitative data
on drop deformation against particle coverage (¢) for the drops
imaged in Fig. 4a.

We found that the drops covered by PS0 particles compressed
more (higher negative values of deformation, cyan diamonds in

(a) ¢~0.1 ¢~0.4 ¢~0.6 (b) '. P ') . . ;
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Fig. 4b) when the particle coverage value increased. The drops
covered by other particles became less compressed by increasing
the particle coverage, and at certain particle coverage the defor-
mation changed from oblate to prolate. Such a drop deformation
transition occurred at lower particle coverage values for drops
covered by more conducting particles (e.g compare PS16 and
PS64 in Fig. 4b), or by bigger particles (compare the drops
covered by 55 um vs. 15 pm Ag-coated glass spheres displayed
in the bottom rows in Fig. 4a).

We observed that the particles formed chains when the
particles at the drop interface were more conductive than the
drop fluid (all particles except PS0). In addition to particle
conductivity, chain formation also depends on particle size and
particle coverage. The drop oblate-prolate transition occurs
when the surface particles form chains spanning from drop
pole to pole. The particle chains affect drop deformation by
altering the build-up of free charges at the drop surface, owing
to the faster conduction of charges through the chains com-
pared to through the drop fluid. This also influences the EHD
flows, as supported by the results in Fig. 5. The figure displays
PIV images of silicone oil drops with and without PS64 particles
subjected to a DC electric field of 170 V mm™'. The figure
shows that for a silicone oil drop covered with particles (PS64)
that are more conductive than the drop and exterior oil, low
particle coverage (¢ ~ 0.13-0.17) is sufficient to form pole-pole
particle chains and suppress EHD flows (maximum flow velo-
city goes from 150 um s~ ' to almost zero, as shown in Fig. 5a
and d, respectively). Furthermore, Fig. 5b and ¢ demonstrate
the influence of particle chain distribution on the EHD flow
fields, i.e. EHD flows may exist outside drop domains that are
free of particle chains, whereas flows near drop regions with
particles are very weak. The EHD flows weaken due to the fast
conduction of charges through particle chains at the drop
surface. The particle chains redistribute the free charges at

(a) Electric field-induced deformation of silicone oil drops covered by non-modified and modified PS particles (40 um) and silver coated glass

spheres (15 and 55 pm). The size of the drops was 2 mm, and the direction of the applied 170 V mm™! DC electric field was horizontal. (b) Steady-state
deformation of silicone oil drops as a function of particle coverage (¢ ranges from 0-0.85) the images in (a) correspond to respective data points in (b),

and the crosses in (a) indicate drop breakup.
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Fig. 5 PIV images of (a) a particle-free silicone oil drop and silicone oil
drops covered by modified PS particles (PS64) with particle coverages:
(b) ~0.08, (c) ~0.13, and (d) ~0.17. The drops were subjected to a DC
electric field of 170 V. mm™? (in the horizontal direction), yielding drop
steady-state deformations of (a) —0.023, (b) —0.023, (c) —0.013, and
(d) 0.07. All drops had diameters equal to 2 mm with a scale bar of
1 mm. The asymmetry of the flow fields in (a) was caused by downward
drop sedimentation, drop motion towards one of the electrodes, and,
in (b and c), by non-uniform particle distribution. The masks in the middle
of the flow fields are figures created from real images of the drops used in
the experiments.

the drop interface until the electric field component, which is
parallel to the drop surface, becomes zero. In a steady state, the
area of the drop containing conductive particles behaves as a
conductor, i.e. the electric field has only a component perpendi-
cular to the drop interface (because the electric field lines
outside the drop are perpendicular to the drop surface and
zero inside).®?

We also found that the magnitude of prolate deformation
consistently increased with particle coverage, conductivity, and
size (see Fig. 4b). For instance, at the same particle coverage,
drops covered by PS64 particles of size 40 pm deformed less than
drops covered by Ag-coated glass spheres that were slightly more
conductive and larger. Moreover, drops covered by PS64 particles
exhibited larger prolate deformations compared to drops
covered by smaller, though more conductive, Ag particles.

3.3 Particle structuring at drop interfaces

Fig. 4a shows that at low particle coverages (¢ ~ 0.1), all types
of particles were transported towards the drop equator by EHD
convective flows. However, only the PSO particles formed a
compacted particle ribbon. All other particles structured into
chains because of particle-particle dipolar interactions. The
dipolar force between particles (all types except PS0) was strong
enough to resist the present EHD flows, and to eventually form
dipolar chains along the electric field lines. For a particle with
radius R subjected to a DC electric field of strength E,,
the dipolar force Fp, (between two particles) is given by the
equation:®* Fy, = 24meotexR°Eo’fp /(2R + s)*, where ¢, is the
vacuum permittivity, e.x the dielectric constant of the exterior

This journal is © The Royal Society of Chemistry 2018
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fluid, B, = (6p — 0ed/(0p + 20 is the particle’s Clausius-
Mossotti factor, o}, and o, are the conductivities of the particles
and the exterior fluid, respectively, and s is the edge-to-edge
separation distance between particles. Note that the above-
mentioned dipolar force equation is valid for a two-phase system.
Here, we studied a three-phase system. However, because the surface
particles on the drops had higher affinity to the surrounding castor
oil (i.e., a larger part of each particle was immersed in castor oil),
it was justifiable to consider the system a two-phase system and
employ the simplified dipolar force equation.

The dipolar force between two PS16 particles is around six
times larger than the dipolar force between two non-modified
PSO particles (Bpps16-/Bppso” = 6), even though the difference
in conductivity is small, i.e. PS16 particles are two times more
conductive than the PSO particles. Particles that are more
conductive than the PS16 particles form longer chains, owing
to the increased dipolar force. Interestingly, although the
Ag-coated glass spheres used in these experiments were 15
orders of magnitude more conductive than the PS64 particles,
the dipolar force between a pair of Ag-coated glass spheres was
comparable to that of a pair of PS64 particles (of similar size)
(ﬂp,AgZ/ﬁp,PS642 r 1.1).

Furthermore, for drops with high particle coverage sub-
jected to a DC electric field of 170 V. mm ™", we observed that
the surface particles (all types except PS0) concentrated at the
drop poles (Fig. 4a). We propose that the particle concentration
at the drop poles was caused by electrorheological chaining,
where the formed chains grew towards the drop poles due to
their locally-strong electric fields (the increased curvature
resulted in a higher free charge density at the drop poles).
Dielectrophoresis (forces acting on a particle when the electric
field is non-uniform) could also be a possible explanation for
the observed particle accumulation. Other researchers have
demonstrated that surface particles can be transported towards
drop poles and agglomerate there via dielectrophoresis.'>*?
However, according to our theoretical calculations, this could
not have been the case here. We found that for all the different
particles utilized in the experiments (except PSO0), the dielec-
trophoretic (DEP) force on the particles was directed towards
the drop equator rather than towards the drop poles. The term
p'p(2 + p) in the equation for the DEP force determines the
force direction.®* Here f' = (6, — 0ex)/(0) + 20¢y) is the particle’s
Clausius-Mossotti factor, ff = (6in — 0ex)/(0in + 20¢x) is the drop’s
Clausius-Mossotti factor, and oy, iy, and o are the conduc-
tivities of the particles, drop fluid, and surrounding fluid,
respectively. For all the drops except those covered by PSO,
p'p(2 + f) < 0, indicating that any DEP force acting on the
surface particles would move them towards the drop equator.®*

We validated the direction of the DEP force on the particles
experimentally by forming a silicone oil drop covered by 15 pm
silver-coated spheres and a silicone oil drop covered by PSO
particles. The particle coverages were low, and the drops were
exposed to an AC electric field at 200 Hz and 300 Vmm ™ *. A DC
electric field could not be used in this experiment because the
induced EHD flows would have dominated the DEP force experi-
enced by the particles (flow velocity ratio vgup/vpep X 103).

Soft Matter, 2018, 14, 5442-5451 | 5447
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As explained in the Introduction section, when an AC electric
field at such a high frequency (200 Hz) is applied, the electric
field changes direction too fast for free charges in the oils to
accumulate at the drop interface and for EHD flows to be
induced. In the absence of EHD flows, it is possible to observe
particle movement by DEP. Note that for an AC electric field,
the previously-described Clausius-Mossotti terms used in the
equation to determine the DEP force direction change. The
conductivities are replaced by permittivity terms, yielding:
Bac’ = (ep — gex)/(ep + 26ex) aNd fac = (8in — ex)/(8in + 28ex), Where
&p, &in, and &e, are the permittivities of the particles, drop fluid,
and surrounding fluid, respectively.®® For the fluids and parti-
cles used in this work, we calculated that the direction of the
DEP force acting on the surface particles is the same whether the
applied electric field is DC or AC. For all the particle-covered
drops except those covered by PSO, fac'fac(2 + Pac) < O,
indicating that the DEP force brings the particles to the drop
equator. This was confirmed experimentally: when the AC
electric field was turned on, the silver particles moved towards
the drop equator and formed chains, whereas at the surface of
the other drop, the PS0O particles translated much more slowly
towards the drop poles. The PS0 particles also served as tracing
particles, proving that there were no EHD flows present while
the electric field of frequency 200 Hz was applied. Movie S1
(ESIf) presents the results of these experiments. Based on these
results, we excluded the possibility of DEP interactions causing
particle agglomeration at drop poles. Note that the silicone oil
drops stretched (prolate deformation) in the direction of the
applied AC electric field. That is because there were no free
charges present, and the resulting drop dipole moment polar-
ized by the electric field was oriented in the same direction as
the electric field.®®

3.4 Manipulating interfacial particles by EHD flows and
dipolar interactions

In this section, we demonstrate the possibilities of particle
manipulation at drop interfaces by employing EHD flows and
particle dipolar interactions. We utilize the knowledge gained
from the previous sections about the influence of the particles’
properties, their coverage, and the electric field strength on the
magnitude of EHD flows and drop deformation.

During the experiments and for all particles (except PSO0),
we observed that the growth of particle chains started from
the drop equator and extended towards the drop poles (see
Movie S1, ESIt), irrespective of the electric field frequency used
(within the studied frequency range, ie. from 0 to 1 kHz).
The more particles present at the drop interface, the longer the
chains became (until the particles started to agglomerate at the
drop poles at high particle coverages).

We took advantage of this observation to create an adaptive
structure in which particle packing, coverage, and structuring
were easily controlled by only changing the frequency of the
applied electric field. Fig. 6 shows a silicone oil drop (size of
~3 mm) formed in castor oil and covered by 15 pm Ag-coated
glass spheres (¢ ~ 0.15). The drop was subjected to an electric
field of 170 V mm ™" and viewed parallel (Fig. 6a and b) and
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Fig. 6 (a—d) Actively arranging surface-adsorbed conductive particles by
switching the electric field frequency from 0 Hz (EHD flow regime) to
200 Hz (particle dipolar interaction regime). A silicone oil drop with
diameter ~3 mm is viewed (a and b) along and (c and d) perpendicular
to the electric field direction, as indicated by the symbols. Ag-coated glass
microspheres with mean diameters of ~20 um were used in this experi-
ment, in which £ = 200 V mm™! was fixed. The structuring process is
reversible, and the switching between two particle conformations
occurred in seconds, as shown in Movie S2 (ESIT).

perpendicular (Fig. 6c and d) to the electric field direction.
When a DC electric field was applied, the particles formed chains
via particle-particle dipolar interactions. However, the growth of
the chains was limited (and thus also their lengths) by the induced
EHD flows, ie. the chains were not rigid enough to withstand the
strain imposed by the EHD flows, and the electric poles of the drop
became particle-free (Fig. 6a and c). As demonstrated in Movie S2
(ESIT), the EHD flows bend the ends of the particle chains, and
sometimes even break and push the chains back towards the
drop’s electric equator (as indicated by the red arrows in Fig. 6a
and c). To disable the EHD flows and allow the particle chains to
grow towards the drop poles, we simply increased the electric field
frequency to a value far above the critical frequency for EHD flow
induction. As demonstrated in Fig. S2 (ESIt), a frequency of 200 Hz
satisfies this condition. After changing the frequency from 0 to
200 Hz, the particles redistributed at the surface of the drop and
locally changed the particle coverage, ie. both drop poles were
densely covered by particles at the cost of the particle coverage
around the equatorial area. The direction of particle transport is
indicated by the red arrows in Fig. 6b and d. After the frequency of
the AC electric field was decreased from 200 to 0 Hz, EHD flows
were induced (free charges had sufficient time to accumulate at
the drop interface) to transport the particles located at the drop
electric poles back to the drop electric equator.

For the current drop-particle system, the whole structuring
process is reversible, as demonstrated in Movie S2 (ESIf).

This journal is © The Royal Society of Chemistry 2018
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However, it is worth mentioning that the reversibility and
feasibility of the approach depend on particle size, material,
and concentration. When the experiment shown in Fig. 6 was
repeated for drops covered by larger particles of the same type
(55 pm silver-coated microspheres, ¢ ~ 0.1), the process was
irreversible, i.e. the particle-covered drop remained prolately
deformed when the electric field was changed from AC to DC. The
dipolar force between surface particles on a drop is proportional
to the particle radius squared. As a consequence, the dipolar force
between 55 um sized particles is significantly larger compared to
the force between 15 pm particles, considerably increasing the
chain stiffness. The increased dipolar force between the 55 um
particles was sufficiently strong to keep the particles in the chain
structures together by resisting the EHD shear stress induced at
the drop surface when the applied electric field changed from
AC to DC. Note that the surface particle rearrangement was
accompanied with changes in the drop shape (compare Fig. 6c
and d), and that the timescale for switching between the two
particle conformations was on the order of seconds.

4 Conclusions and discussions

In conclusion, we studied both the behaviour of particle-
covered drops and particle organization at drop interfaces by
employing external electric fields. Here, we discuss our results
and the underlying mechanisms, especially how particles
on drop interfaces affect drop deformation, EHD flows, and
particle structuring.

4.1 Surface particles and their effect on drop deformation

We found, that, besides the applied electric field strength, the
particle material, particle coverage and size affect the deforma-
tion and electrical properties of silicone oil drops when sub-
jected to electric fields. Our experiments show that the addition
of particles to drop surfaces enhances the deformation magni-
tude of the drops, suppresses EHD flows, and alters drop
shapes. For example, by adding conductive particles to the
surface of a silicone oil (which is weakly-conductive), the drop
geometry changes from oblate to prolate (from compressed to
stretched in the direction of the electric field). Particles
adsorbed at a drop interface may alter the surface tension,
interfacial viscosity, or electric properties (conductivity and
permittivity) of the drop.’>>* Because the surface tension works
against drop compression or stretching (trying to make the
drop spherical and reduce the energy of the system), a change
in surface tension can affect the deformation magnitude,
but does not determine whether the drop is prolate or oblate.
Besides, as observed in previous experiments on particle-
covered silicone oil drops in castor oil, adding particles to the
drop surfaces has an insignificant effect on the surface tension
of the drops, and thus also a negligible effect on the deforma-
tion magnitude of such drops.*?

Similarly, an increase of the effective interfacial viscosity
(expected after adding particles to the liquid interface)®” affects
only the magnitude of the drop deformation*® and cannot cause
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the oblate-to-prolate shape transition. We therefore attribute the
oblate-prolate deformation transition to changes in the electric
properties of the drop interface. In the case of a silicone oil drop in
castor oil, adding particles to the drop interface that are more
conductive than the silicone and castor oil reverses the free charge
distribution. The dipole moment of the drop (formed by free
charges at the surface) changes direction from opposite of to
similar to the electric field direction.

4.2 Suppression of EHD flows

Qualitative results from previous studies suggest that if the
interfacial viscosity of a particle-covered silicone oil drop in
castor oil is sufficiently large (high particle coverage), the particle
layer can suppress electric field-induced EHD flows.**** In this
research, we performed both qualitative (e.g. presence and
direction) and quantitative (flow magnitude) studies on EHD
flows. Our experiments show that the addition of surface parti-
cles on a silicone oil drop in castor oil leads to a reduction of the
electric field-induced EHD flow velocities around the drop,
irrespective of the electrical conductivity of the surface particles.
A monolayer of packed particles at a liquid interface behaves like
an elastic sheet that can support stresses and strain.>>®° For that
reason, the shear elasticity of the particle layer immobilizes the
drop interface and suppresses the EHD flows. However,
the electrical properties of the surface particles do determine
the critical particle concentration at which EHD flows are
suppressed, as is explicitly shown in Fig. 3 and 5. Particles at
the drop surface can form particle chains via dipole-dipole
interactions (due to particle polarization), where the force
between the particles depends on parameters such as particle
size, electrical conductivity (for DC fields), and permittivity (for
AC fields).® The presence of conductive particle chains affects the
distribution of free charges at the drop interface by conducting
charges faster through the particle chains than through the
silicone oil drop (which is weakly conductive). If the concentration
of particle chains at the drop surface is high, the drop behaves as
a conductive drop with no electric stress component acting
parallel to the drop interface.

4.3 Particle organization at drop surfaces

We also observed that particles at drop surfaces subjected to
a constant DC electric field exhibit different structuring
depending on their electrical properties and coverage. For
instance, at the same low particle coverage, insulating surface
particles assemble at the equator of silicone oil drops, forming
ribbon-like structures composed of densely-packed particles,
while silver-coated particles form short chains aligned with the
electric field. We conclude that particle structuring is deter-
mined by the competition between EHD flows and particle-
particle dipolar interactions. When the dipolar interactions
between particles are strong, the particles can form long chains
that cannot be broken by the EHD flows. Additionally, if the
particle concentration is high, the chains can span the whole
drop and particles concentrate at the drop poles. When the
dipolar interactions between particles are weak, the EHD flows
can be utilized to structure particles at drop poles or at the drop
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equator, depending on the electric properties of the drop and
surrounding fluid.>* For the system studied in our research
(silicone oil drop in castor oil), the EHD flows were directed
from drop poles to drop equator.

4.4 Method for manipulating conductive particles at drop
surfaces

Furthermore, we present a novel method for manipulating
conductive particles at drop surfaces. By applying an AC electric
field and tuning the frequency, we actively structured surface
particles and locally changed their concentration and packing.
The adaptive particle structure is organized by dipolar inter-
actions and EHD flows. When the frequency of the applied
electric field is high, the particles form long chains via dipolar
interactions and concentrate at the drop poles. Switching the
electric field to DC induces EHD flows that move the particles
from the drop poles towards the drop equator. The method
resembles the pupil effect reported by Dommersnes et al.,>
where the strength of the applied DC electric field was used to
control the coverage of clay particles at a drop surface. The new
method presented in this article is not limited to clay particles,
it also allows for using surface particles of different conductive
materials. A subtle point is that the size of particles and their
concentrations must be chosen so that the dipolar forces are
strong enough to assemble particles at drop poles under
electric fields at high frequencies, and weak enough to allow
for the formed chains to be broken by EHD flows at DC electric
fields. It is worth pointing out that by reducing the viscosity of
the liquids, the time for actively stretching the particle chains
can be as small as micro-seconds, just by reducing the viscosity
of the liquids to that of water. The electrical conductivities of
the oils could also be tuned (e.g. by adding inorganic salts) to
speed up this process. Another note is that from the frequency
tuning experiments (demonstrated in Movie S2, ESIt), we learn
that it is possible to control the packing density and likely also
the characteristic periodicity between the particle chains. We
envisage the possibility to further investigate these effects in
respect to optical materials and applications.

4.5 Outlook

We believe the findings of this work are important for developing
advanced structures, such as patchy microcapsules. With a myriad
of applications ranging from energy storage to the encapsulation
of an extensive range of materials, homogenous and patchy
microcapsules have received considerable research interest in this
decade. It has been reported that the target microencapsulated
product will be worth around $9.25 billion by 2020.°® To succeed
in implementing these microcapsules, we need to precisely
control the mechanical stability and structural properties of
their shells.
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Fig. S1 (a) A schematic illustration and (b) a picture of the set-up used for estimating the electrohydrodynamic (EHD) flow velocities. EHD flowlines around drops were
traced using particle image velocimetry (PIV). Fluorescent polyethylene particles (UVPMS-BY2-1.00, with average size of 35 um, purchased from Cospheric LLC) were
dispersed in castor oil (0.3% by weight) and poured in the sample cell. A 500 um thin sheet of particles were selected by focusing 532 nm laser light (COM-09906-5mW
laser, purchased from SparkFun Electronics) from above the sample cell through a laser line generator lens. During the experiments, the laser sheet was always aligned
in the middle of the drop (which was positioned in the middle of the sample cell) and oriented along the electric field direction, and perpendicular to the view direction

of the microscope.

DC =35

Fig. S2 Manipulation of particles by switching the electric field frequency from (a) 200 Hz to (b-d) 0 Hz. Silicone oil drop covered by a mix of 15 um Ag-coated spheres
and 50 um polyethylene (PE) particles. Blue PE particles are here used to qualitatively observe the presence or absence of EHD flows. (a) At AC fields, the PE particles
do not move towards the drop electric equator, are loosely packed, and confined by the structured conductive particles. This is a direct confirmation that the EHD
flows are completely suppressed at an electric field frequency of 200 Hz. (b-d) As the electric field frequency is switched back to 0 Hz, the induced EHD liquid flows

convect the PE particles towards the electric equator of the drop.
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ABSTRACT: Active, tunable, and reversible opening and closing of particle
shells on droplets may facilitate chemical reactions in droplets and enable droplet
various small-scale laboratory operations, including online detection,
measurement, and adjustment of droplet liquid. Manipulating various types
of particle shells in a controlled manner requires new routes. This work
provides a new strategy for controlling the spatial arrangement of particle-

Weak Strong
liquid flows

liquid flows

AN

Particle-covered

A ZT

covered oil droplets using electric fields that expands the application of

responsive droplets beyond the abovementioned examples. The behavior of

No electric field

Electric field applied

stimulated particle-covered droplets is exploited in multiple ways: to form an

active smart device, fabricate Janus and patchy shells, create an online diagnostic tool, and produce a tool for fundamental
studies. Electric fields are used here to manipulate particle films on oil droplets through the synergetic action of droplet
deformation and electrohydrodynamic liquid flows. First, the effects of electric field strength and liquid viscosity on droplet
deformation, surface particle arrangements, and dynamics are examined in detail. Then three examples of applications of
responsive particle-covered droplets are demonstrated. Our results show that the reversible opening and closing of the droplet’s
shells, composed of various types of particles, can be conveniently achieved through electric fields, opening up a new possibility
for applications in optics, clinical diagnostics, microfluidics, and material engineering.

KEYWORDS: particle film, responsive droplets, liquid—liquid interface, curved interface, assembly, electric field, smart structure

1. INTRODUCTION

Responsive materials are designed materials that have one or
more properties that can be changed in a controlled fashion by
external stimuli, for example, mechanical stress,’ electric or
magnetic fields,> * and changes in pH,S’6 temperature,7 or light
intensity.” These materials play an increasing role in our
modern society and have been widely researched. This is
because such materials may compose structures or devices that
exhibit “smart” behavior, that is, shape changing,9 self-
healing,w_12 self-sensing, self—diagnostic,l"’_15 and self-actuat-
ing.'"® Many commercially available products have responsive
materials to provide a smart response, such as switchable
windows,"” battery power indicators,"® wound dressing,19
eyeglass frames,”’ and stent grafts.”’ Responsive materials
can also be used to perform various laboratory operations™*~>*
or manufacture new materials, for examgle, through additive
manufacturing” or field-driven assembly.”*~>* In this work, we
created a responsive material of soft matter—an emulsion
droplet covered with microparticles—and stimulated it by an
electric field to form an active smart structure, facilitate simple
laboratory operations, and manufacture new materials.
Particle-covered droplets are responsive materials with
various functionalities controlled by external stimuli. Applica-
tions of these materials include self—healing,29 mechanical strain
detection,”® or targeted drug delivery.”’ Particle-covered
droplets can be stimulated with electric or magnetic fields.

-4 ACS Publications  © 2019 American Chemical Society

Such field-responsive droplets have proven to be convenient
for controlling flows in microfluidic channels,”*** producing
hetero- and homogeneous particle shells,”*** increasing the
efficiency of Pickering emulsion fabrication,>® droplet
actuation,””*® and manipulating particles at droplet inter-
faces.””** Here, we use electric fields to simultaneously change
the shape of the droplet and control the spatial arrangement of
particles at the droplet interface. Doing this forms an opening
in the particle shell with an easily controllable size. This
remarkable ability of particle-covered droplets to be reversibly
opened and closed under the action of an electric field is here
exploited in multiple ways: to form a miniaturized optical
diaphragm with an adjustable aperture, to buckle armored
droplets and fabricate droplets with Janus and patchy shells by
manipulating droplet liquid, as an online diagnostic tool for the
detection of inner liquid, and as a tool in fundamental studies,
for example, in the study of the mechanical properties of thin
particle films.

The opening and closing of particle shells on droplets have
been studied by several researchers. Zhao et al.*' used
magnetic force to pull a magnetic particle layer toward a
magnet to open the particle shell and unarmor the droplet.
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This phenomenon was later used in miniature chemical
reactors’” to promote the coalescence of otherwise stable and
protected droplets and for the online detection and measure-
ments of liquid marbles.”> Zang et al.** demonstrated similar
handling of particle shell coating. They used ultrasound to
levitate particle-covered water droplets and to form a cavity on
the particle shells. Our novel route for opening and closing
particle-covered droplets is distinctively different. It works for
droplets covered with various types of resistive (electrically
weakly conductive) nano- or microparticles either magnetic or
non-ferromagnetic (including most polymeric and ceramic
particles, clay mineral particles, and silica particles), although
droplets covered with more conductive particles (e.g., silver
microparticles) subjected to an electric field acquire a dipole
moment, which is in the opposite direction to the electric field.
Thus, the droplet stretches along the electric field direction,
and the electrohydrodynamic (EHD) flows cannot be induced
as the electric poles of the droplet are electrically short-
circuited.” The method can be straightforwardly imple-
mented, for example, in microfluidic chips or microelectro-
mechanical systems (MEMS). Unlike the otherwise elegant
ultrasonic approach,** our electric approach can also be readily
scaled up without requiring a complex experimental setup.
Our method for particle film manipulation involves the
synergetic action of droplet deformation (induced by electric
stress) and EHD liquid flows (see Figure 1).*> When a silicone

(a)

(G

|

to t

Figure 1. Schematics of particle shell opening. A droplet with the
surface particles is viewed at a 30° angle with respect to the electric
field direction, which is horizontal. Application of an electric field to
() the initially spherical droplet densely covered with particles results
in (b) its deformation due to the electric stress. (c) The induced EHD
flows convect particles away from the droplet’s electric pole, thereby
forming an opening in the particle layer. (d) After application of a
stronger electric field, the droplet deforms more, allowing the opening
to grow in size and the EHD flows to strengthen, which is indicated
by the longer curved arrows.

oil droplet with particles is suspended in castor oil and
subjected to a uniform dc electric field, free charges (ionic
impurities in oils) accumulate at the droplet’s interface. Such a
droplet acquires a dipole moment that leads to its deformation.
Depending on the electrical properties of the oils and particles,
the droplet can obtain either an oblate or a prolate shape.*”
With the particles used in this study, the particle-covered
droplets compress along the electric field’s direction to form an
oblate shape. The magnitude of the droplet deformation
primarily depends on the electric field strength. In addition to
droplet deformation, EHD liquid flows can be induced at the
droplet’s surface. However, for droplets fully covered with
particles, the EHD liquid flows cannot be generated because
the particles in the shell are jammed or too densely packed.*
To enable EHD flows, the particle coverage must be reduced;
we achieved this by deforming the droplet and increasing the
droplet’s surface area. The induced EHD flows convect surface
particles away from the droplet’s electric pole, thereby forming
an opening in the particle layer.

The first part of this paper presents how electric field
strength influences the steady-state magnitude of the droplet’s
deformation, as well as particle arrangements on droplet
interfaces. We quantified droplet deformation and the opening
area at the droplet’s electric pole as a function of the electric
field strength. Our applications of the knowledge gained from
these fundamental studies are presented in the second part of
the manuscript.

2. MATERIALS AND METHODS

2.1. Experimental Setup. A schematic illustration of the setup
used for the fundamental studies is shown in Figure 2a. The setup
consisted of a sample cell (10 mm X 10 mm X 30 mm) placed on a
mechanical xyz translational stage, a signal generator (SDG102S,
SIGLENT Technologies), a high-voltage bipolar amplifier
(10HVA24-BP1, HVP High Voltage Products GmbH), two digital
microscopes (AM711SMZTL, Dino-Lite) for front and side viewing
(perpendicular and parallel to the electric field direction), and a PC
for recording movies and images. The sample cell was made of glass,
with two of the inside walls coated with a conductive indium tin oxide
(ITO) layer, constituting electrodes. From the voltage amplifier, a
high-voltage signal was provided to the sample cell via two crocodile
clips attached to the ITO-coated glass electrodes (as presented in
Figure 2b). On the inside of one of the ITO-coated glass walls, we
glued an O-ring (with outer diameter of ~4 mm, inner diameter of
~2.5 mm, and thickness of ~1 mm) in the center. The experimental
setup was used in experiments presented in Figures 2¢,d, Sa, 6, and 8
and Figures S2 and S6. In other experiments, we used a sample cell
made of glass walls with only one wall (bottom) coated with
conductive ITO. For the experiments presented in Figure Sb—e, we
used a plate electrode, whereas for the experiment in which we
demonstrated the use of electric fields in diagnostics of particle-
covered droplets, we used a rod-shaped electrode (Figure 7, Figures
S4 and SS). Both the plate electrode and the rod-shaped electrode
were inserted from above and immersed in castor oil.

2.2. Materials. Silicone oil (VWR Chemicals, Rhodorsil
6678.1000, electrical conductivity ~5 pS-m™, relative permittivity
~2.8, density ~0.96 g-cm™>, and viscosity ~50 mPa-s, all measured at
25 °C) droplets were formed in castor oil (Sigma-Aldrich 83912,
electrical conductivity ~60 pS-m~", relative permittivity ~4.7, density
~0.96 g-cm ™3, and viscosity ~750 mPa-s, all measured at 25 °C). The
interfacial tension between the two oils was around 4.5 mN-m~.*
The droplets were covered with spherical nanoparticles or micro-
particles: silica, dyed polyethylene, and paramagnetic particles
purchased from Cospheric, USA (Si02MS-2.0, size ~250 nm, density
~2 g-cm_3; GPMS-0.98, size ~20 um; REDPMS-0.98, size ~50 um;
GPMS-0.98, size ~90 um; each particle type had density ~0.98 g-
cm™3; BKPMS-1.2, size ~50 pum; density ~1.2 g~cm_3); Li-
fluorchectorite clay particles from Corning Inc, USA (size 1—30
um; density ~2.8 g-em™); and Laponite clay particles from Laponite
Inc., USA (size 0.5—10 pm; density ~2.5 g-em™). The three-phase
contact angle of PE particles at the silicone oil droplet—castor oil
interface was 65 + S5°, referenced against castor oil, which indicates
that the PE particles had slightly higher affinity toward silicone oil.
Unlike silica nanoparticles (a few orders of magnitude smaller than PE
with a measured contact angle of 20 + 7°), the PE microparticles
bound strongly to the silicone oil—castor oil interface. Therefore, they
did not detach from the droplet’s surface when subjected to EHD
liquid flows during the experiments.

2.3. Preparation of Particle-Covered Droplets. Particle-
covered silicone oil droplets were made in castor oil. Initially, we
filled a sample cell with castor oil. Next, we prepared dispersions by
adding particles (particle concentrations are listed in Table S1) to
silicone oil and mixed them by vigorous hand shaking (several
seconds) followed by an ultrasonic bath treatment for S min. We then
formed a dispersion droplet in castor oil using a regular mechanical
pipette. When the droplet was made in castor oil, the majority of the
particles were located inside the droplet. The particles could be
brought to the droplet’s surface via mechanical stirring and droplet
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Figure 2. (a) Schematic illustration of the setup used for the fundamental studies. The setup consisted of a sample cell placed on a mechanical xyz
translational stage, two digital microscopes for front and side viewing, a signal generator, and a voltage amplifier for generating a high-voltage dc
electric signal, which was provided to the cell via two crocodile clips. (b) The sample cell was made of glass, with two of the walls coated with
electrically conductive ITO layers. The transparent ITO-covered glass electrodes allowed for observation in a direction along the electric field.
Droplets with or without particles were docked in an O-ring that was fastened to one of the conductive walls of the sample cell. The electric field
direction is indicated by the arrow. Silicone oil droplet (~3 mm) covered with PE particles (~20 ym) viewed (c) perpendicular and (d) parallel to
the electric field direction. The droplet was surrounded with castor oil and docked in an O-ring that was fastened to one of the electrodes. In the
presence of a dc electric field, the electric stress deformed the droplet. As a result, the droplet’s surface area increased, allowing particles to unjam
and EHD flows to arise. The EHD flows conveyed particles away from the droplet’s electric pole, forming a particle-free area. See also the
corresponding Movie S2. The symbols indicate the direction of the electric field.

deformation, through particle sedimentation, or with the use of
external fields.*”~*° Here, we used direct current (dc) electric fields to
enhance the transportation of particles toward the surface (for more
details, see our previous work46). In fact, the utilization of electric
fields went beyond the mere role of bringing particles to the surface of
a droplet—the convective electrohydrodynamic liquid flows enabled
the formation of a monolayer film composed of densely packed
particles arranged in a nearly hexagonal geometry (see Figure S1).
Movie S1 presents the entire process of forming a droplet covered
with densely packed particles.

As mentioned before, in some experiments, particle-covered
droplets were docked in an O-ring that was fastened to one of the
glass electrodes (see Figure 2b). The main reason for using this setup
was to keep the droplet in one place and to facilitate experimental
observations. Additionally, the setup enabled observation (in the
direction along the electric field) of the surface particle arrangement
by keeping one region of the droplet particle-free throughout the
entire experiment. Particle-covered droplets were docked in the O-
ring through the following steps: First, we attached a pure silicone oil
droplet (~2.5 mm) to the O-ring so that nearly half of the droplet was
inside the O-ring. We then brought a silicone oil droplet covered with
PE particles (particle coverage of ~75% of the droplet’s surface area)
in close proximity to the pure silicone oil droplet. When a dc electric
field was applied, the droplets electrocoalesced. The resulting
coalesced droplet was entirely covered with particles on the side in
contact with the castor oil, and there were no particles on the
droplet’s surface inside the O-ring. Such droplets were then studied in
electric fields. In other experiments (Figures Sb—e, 7), the particle-
covered droplets (with a particle coverage of ~80%) were placed on
the bottom of the sample cell.

2.4. Particle Image Velocimetry Experiments. The liquid flow
fields formed around a droplet through the application of electric
fields were studied through particle image velocimetry (PIV)
experiments. PE particles (~20 ym) were added to the castor oil

and used to trace EHD flows around a droplet covered with red PE
particles (~S0 ym). A movie of the particle movement was recorded
from a view perpendicular to the electric field direction. From the
movie, an image was saved for each second. The frames were then
compared and analyzed using PIVlab (v. 1.41, MATLAB toolbox),
which yielded flow velocities for each interrogation area (the images
were split into a number of interrogation areas of 64 X 64 pixels,
which were then individually cross-correlated with the previous image
to obtain displacement vectors). We then used MATLAB (v. R2017b,
Math Works) to plot the flow velocities and Adobe Photoshop (v.
19.0, Adobe Systems) to edit the PIV image.

2.5. Experiments Demonstrating Possible Applications.
Using silicone oil droplets covered with PE particles, we demonstrated
that a particle-covered droplet can be used as a millimeter-sized
diaphragm with an adjustable aperture (Figure 6). The droplet was
illuminated with laser light (class III laser pointer, wavelength 532 nm
and diameter 0.5 mm) through the center of the droplet in the
direction along the electric field lines. A dc electric field of strength
between 0 and 260 V-mm™' was applied to open and close the
“shutter” (see Figure S3 for a sketch of the setup).

In the experiment presented in Figure S5, we demonstrated the
possible usage of the method as a diagnostic tool. We made a
conducting floor in a plastic cuvette (10 mm X 10 mm X 45 mm) by
gluing a copper electrode to the bottom of the cuvette. Three droplets
(~3 mm) were placed on the bottom electrode of the cuvette at equal
distances. A rod-shaped electrode (stainless steel) was then placed at
the center of and above one of the droplets. The distance between the
rod-shaped electrode and the electrode at the bottom of the sample
cell was ~4 mm. We used an electric field of 400 V-mm™ to open the
particle shell near the rod-shaped electrode. To show scalability of the
method, we substituted the conductive rod with a flat copper
electrode and placed 16 droplets of similar size (~2 mm) on the
bottom electrode (Figure Sd). The distance between the two plate
electrodes was ~6 mm, and the droplets were subjected to a dc
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Figure 3. (a) Magnitude of steady-state deformations of a silicone oil droplet with and without PE particles plotted as a function of E% (b) Opening
area at the electric pole of a silicone oil droplet covered with PE particles vs E* The arrows indicate whether the electric field was increased or

decreased.

electric field (~325 V-mm™). To observe the dynamics of all the
droplets, we set the camera at an angle (~30°) and recorded movies.

3. RESULTS AND DISCUSSION

The central idea of the method presented here is combining
the electrodeformation of particle-covered droplets with
particle assembly facilitated by EHD flows, as illustrated in
Figure 1. Initially, the interfacial particles are densely packed,
jammed, and arranged in slightly disordered hexagons (Figure
la). To initiate an opening in the particle shell, an electric field
is applied. The electric stress deforms the droplet (Figure 1b),
thereby increasing the droplet’s surface area and decreasing
particle coverage. The particles are then temporarily loosely
arranged, and the EHD flows are induced. These flows convect
particles away from the droplet’s electric pole, thereby forming
an opening in the particle layer. The convected particles are
packed densely within the particle shell (Figure 1c). When the
electric field strength is increased, the droplet deforms more,
allowing the opening to grow in size and the EHD flows to
strengthen (Figure 1d). This opening in the shell can be
completely healed by decreasing the electric field strength.
This process is reversible as long as the particles do not detach
from the droplet’s surface, for example, by applying a strong
electric field.

3.1. Opening and Closing of the Particle Shell:
Experimental Realization. To realize this opening-closing
approach in the experiment, we designed the experimental
setup (Figure 2a,b) and employed a silicone oil droplet (~3
mm) covered with polyethylene (PE) particles (~20 pm). The
droplet was surrounded with castor oil and docked in an O-
ring that was fastened to an electrode. The main reason for
using the O-ring was to ease the experimental observations. In
the absence of an electric field, the droplet covered with PE
particles was slightly aspherical (see Figure 2c). The droplet’s
asphericity indicates that, initially, the shell was composed of
jammed particles. The droplet was then subjected to an electric
field. We increased the electric field strength stepwise from 0 to
290 V-mm™" and then decreased it stepwise to 0 V-mm™" (see
also the corresponding Movie S2). At each step, the electric
field strength was maintained until a steady state (droplet
deformation and/or particle arrangement) was observed.

Each time we increased the electric field strength, the
magnitude of the droplet’s deformation also increased.
However, in weak electric fields, that is, up to ~125 V-
mm™’, the particle layer remained densely packed; therefore,
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the EHD flows could not be induced. A previous study has
reported that EHD flows induced around a droplet are greatly
suppressed when the droplet is fully covered with particles.””
Indeed, we could not detect any EHD flows at the droplet’s
surface and outside the droplet. At stronger electric fields, the
droplet deformed more, and the surface area became large
enough to allow the surface particles to unjam. During
unjamming, the PE particle layer underwent a solid-to-liquid
transition (as reported elsewhere®®), as the cohesive forces
between the PE particle are very small. Now, the EHD flows
onset and moved particles at the droplet’s interface. In Figure
S2, we show an example of the EHD flowlines around a
particle-covered droplet, including the flow direction and a
velocity map. The direction of the flow is determined by the
electrical conductivities and dielectric properties of the
fluids.”"*> For the system studied here, the flows guided the
surface particles from the droplet’s electric pole to its electric
equator where the particles formed a densely packed ribbon-
like structure. As a consequence, an opening area (particle-free
area) developed at the droplet’s electric pole, which increased
in area with the applied electric field strength (Figure 2d). The
particles’ convection by the EHD flows is a dynamic process,
and the timescale depends on several parameters, including
electric field strength and liquid viscosity (described in greater
detail in the next section).

In Figure 3, we present the quantitative data of the
qualitative results shown in Figure 2c,d. Both the magnitude
of the droplet’s deformation and the opening area were plotted
against the square of the applied electric field strength. The
inset numbers in the plots correspond to the images presented
in Figure 2. Droplet deformation is here defined as D = (d —
dy)/(dy + d,), where d| and d, are the droplet axes parallel
and perpendicular to the electric field direction, respectively.

The initial magnitude of deformation was around —0.08
(Figure 3a), which indicates that the droplet was in an arrested
state and that the PE particle layer was jammed. We also
observed that the droplet deformation was nonlinear to E%;
that is, the droplet deformation increased progressively with
the electric field. That is because it cost less energy to deform a
droplet more. Changes in the droplet’s surface area were
quantified by measuring the opening area in the region at the
droplet’s electric pole (Figure 3b).

Interestingly, both the deformation magnitude of the
particle-covered droplet and the opening area exhibited
hysteresis—that is, although the droplet eventually acquired
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Figure 4. (a) Log—log plot of the time required to obtain an opening area A, (of around 55000 square pixels) at a silicone oil droplet (~3.2 mm)
covered with PE particles (~20 ym) as a function of the applied electric field strength. (b) Time for the particle-free area at the droplet’s pole to
reach A, (of around 45000 square pixels) vs viscosity of the surrounding oil. A silicone oil droplet (~3.5S mm) covered with PE particles (~90 ym)
is surrounded with castor oil and subjected to an electric field of strength 250 V-mm™. To change the viscosity of the castor oil, the oil was heated

to different temperatures. See also the corresponding Movies S4 and SS.

its initial state when the electric field was gradually reduced,
the deformation and opening-area curves were not retraced.
Because we collected the data in steady-state situations, the
hysteresis loops must be time-independent, that is, not caused
by a dynamic lag. By using a pure silicone oil droplet as a
reference, we also ruled out any potential influence of the
experimental conditions on the hysteresis loops. We subjected
the pure silicone oil droplet (size of ~3 mm, docked in the O-
ring) to the same electric field strengths and measured the
droplet deformation. There was no hysteresis curve for the
pure silicone oil droplets, and any differences in the
deformation magnitudes (between the data points from
increasing and decreasing electric fields) were within error
bars (Figure 3a). We can therefore conclude that the hysteresis
curves were caused neither by docking the droplets in the O-
ring nor by the experimental procedures.

The deformation versus E* curve (Figure 3a) resembles a
stress—strain hysteresis curve of a viscoelastic material in which
the work done by the material in returning to its original shape
is less than the work done by the deforming force. Particle
monolayers at liquid interfaces have elastic, as well as granular,
character.”> We therefore expect viscous dissipations in our
system through particle rearrangements when the droplet is
compressed and the particle layer reassembles through EHD
convective flows. This is actually observed in the experiment
presented in Movie S3. As was demonstrated by Mikkelsen et
al,>* Vella et al,” and Jambon-Puillet et al,”¢ particles
forming a monolayer film have solid-like properties with
elasticity given by the surface tension of the liquid—air
interface (or interfacial tension between liquids)®” and/or the
capillary interactions between particles.”® Even though the
strength of the interaction between PE particles is very low and
the particle shell is only slightly cohesive, it cost energy to
disintegrate the particles and obtain a small opening. Rane and
co-authors™ studied the emergence of shape hysteresis of
liquid marbles under compressive deformation. They con-
cluded that the origin of the hysteresis can be a confluence of
particle interlocking (cohesive interactions between particles),
particle impregnation into the liquid surface, and restructuring
in the particle shell, as we noted above. However, to draw the
definitive conclusion, we suggest further experimental and
theoretical investigations.
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3.2. Dynamics of Particle Layers Subjected to an
Electric Field. To study the effect of the electric field on the
expansion of particle layers at droplet interfaces, we subjected
particle-covered droplets to a dc electric field of strength 325—
500 V-mm™'. The electric field was only applied until the
opening area at the droplet (A.;) reached an arbitrarily defined
value of ~55000 square pixels. A larger area for A, was not
considered to prevent droplet breakup and/or particle
detachment from the interface due to strong liquid shearing.
Particle-covered droplets in bulk fluids have also been reported
to exhibit electrorotation when subjected to strong electric
fields (>250 V-mm™").” However, for the field strengths used
in our experiments, we did not observe electrorotation. This is
because the droplet was docked in an O-ring. When we
increased the strength of the applied electric field, the time to
open particle shells decreased (Figure 4a). For example, when
an electric field of strength 325 V-mm™! was applied, it took
~10 s for the opening area to reach A.;. When the droplet was
subjected to a field of strength SO0 V-mm™, the opening area
reached A, after only ~2 s (see also the corresponding Movie
S4). Remarkably, the rate of particle shell opening scales was
E™.

We also investigated how the viscosity of the fluids affected
the rate of particle shell opening. We decreased the viscosity of
the fluids by heating the oils from 23 to 60 °C. When the
viscosity of the oils was decreased, we observed that the
particles moved faster and that the opening area reached the
defined threshold area A, (~45000 square pixels) in a shorter
time. When the temperature of the oils was 23 °C, it took
around 2 s for the opening area to reach A,. This time was
reduced to around 0.2 s when the temperature of the fluids was
set to 60 °C. Figure 4b shows the time required for the
particle-free area at the droplet’s electric pole to reach A,
plotted as a function of the viscosity of castor oil. The particles
are transported away from the droplet’s electric pole by being
moved together with liquids. The other forces that may act on
particles, for example, gravitational force or electrostatic forces
(dielectrophoresis, electrophoresis), are insignificant here.
Thus, the particles are moved faster at lower viscosities
because the velocity of the EHD flows increases, which is
inversely proportional to the viscosity of liquids. We note that
the temperature increase may affect the interfacial tension and
thus the three-phase contact angle. However, in our experi-
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ments on particle shell opening and closing conducted at
elevated temperatures, we did not observe any differences in
physical behavior of the shell in comparison to the experiment
performed at room temperature.

3.3. Method Capability. Our approach for opening and
closing particle shells can be used for droplets covered with
various types of particle materials (Figure S). The particle

(a) polyethylene ||(b) silica |[(c)

clay miném

Figure S. (a) Because PE particles are strongly bound to the droplet’s
interface, it is possible for the large opening in the particle shell. (b)
EHD flows caused silica particles to detach from the droplet’s surface,
as the particles have high affinity to castor oil and do not bind strongly
to the interface. (c) Opening in a weakly electrically conductive clay
particle shell. (d) Sixteen droplets (~3 mm) placed between two flat
electrodes. A dc electric field of strength 325 V-mm™ was applied in
the vertical direction. All droplets deformed and obtained similar
opening areas. After the electric field was turned off, the droplets
relaxed back to their initial shape and the opening in particle shells
vanished. (e) Demonstration of the synergetic action of magnetic and
electric fields.

shells should preferably be composed of particles strongly
bound to the droplet’s interface, especially if large openings are
of concern. The particle binding energy to the droplet’s
interface is proportional to the particle surface area and the
three-phase contact angle.”’ We found that large PE particles
(~90 pm) with a high three-phase contact angle (~65°) did
not detach from the surface of a silicone oil droplet even when
a strong electric field (S00 V-mm™) was applied and the
particle shell crumpled through folding (Figure Sa). For such a
droplet, we could open the particle shell so that nearly the
entire droplet hemisphere was uncovered. This is because the
particle shell folded. After the electric field was turned off, the
compressed particle shell unfolded and covered the entire
droplet again.

We observed a different situation for a droplet covered with
small and hydrophilic silica particles (~250 nm). Although the
silica particles did not bind well to the oil droplet’s interface,
we succeeded in creating a silica particle-covered droplet
(Figure Sb). When the silica particle shell opened, many
particles detached from the interface and resided in the castor
oil. Weak particle binding is not a problem specific for our
method. The magnetic field approach presented by Zhao et

al.*" also requires particles to adsorb well to the droplet’s
surface, and in general, strong particle binding is required for
particle manipulation at liquid interfaces (particle structuring,
assembly, or motion) and Pickering droplet manipulation
(translation, rotation, or alignment).m’é3 For droplets covered
with polyethylene, weakly conductive clay particles (Figure
Sc), and polyethylene-paramagnetic composite particles
(Figure Se), we opened particle shells without losing particles.
Addition of particles to the droplet interface may change the
magnitude of the interfacial tension. In our previous study,*’
we estimated the (effective) interfacial tension to change by
around 40 and 10% when droplets were covered with clay
mineral and polyethylene particles, respectively. This, in turn,
affects the droplet’s resistance to deformation,®* although we
can compensate for that by simply increasing (or decreasing)
the electric field strength.

In our opening-closing experiments, we used droplets with
diameters spanning from 200 gm to S mm. In principle, our
method should also work for smaller particle-covered droplets.
Droplet deformation is proportional to the droplet size and
scales as E> Stronger electric fields are thus required for
smaller droplets to obtain the same deformation as larger
droplets. From a theoretical point of view, it should be possible
to manipulate particles on droplets as small as several
micrometers. However, working with such small droplets
imposes technical difficulties and makes the method less
usable.

The electric field mechanism for manipulation of surface
particles is also effective for multiple droplets. For the purpose
of demonstration, we used a flat electrode to observe
simultaneous rearrangements of interfacial particles on 16
droplets (Figure Sd). The droplets (~3 mm) were placed on
the bottom electrode and subjected to a dc electric field of
strength 325 V-mm™" in the vertical direction. We observed
that all droplets deformed and obtained similar opening areas
at the pole of the droplets. Small differences in the opening
area were caused by differences in the initial droplet shapes—
that is, some of the droplets were slightly aspherical because of
higher particle concentration. After 3 s, the electric field was
turned off, the droplets relaxed into a spherical shape, and the
particles formed jammed shells again.

Interestingly, our electric method can be coupled with the
magnetic method.”’ We made a droplet (~2 mm) covered
with paramagnetic particles (~50 ym) and positioned it on a
metal electrode (Figure Se). A stable opening was formed in
the paramagnetic particle shell S s after a strong neodymium
disc magnet (the intensity of the magnetic field was measured
to be around 0.1 T) was placed under the electrode. However,
the magnetic force alone was not sufficiently strong to create a
large opening in the shell. By also applying an electric field
(250 V-mm™"), additional electric force deformed the droplet
further and created a larger opening at the droplet surface. The
synergetic action of magnetic and electric fields could be
useful, for example, for droplet stabilization and positioning in
a desired place; that is, we observed that the particle-covered
droplet could be translated without any damage by simply
moving the magnet under the electrode.

3.4. Applications for Controlled Opening and Closing
of Particle Layers at Droplet Interfaces. When viewed
along the direction of the electric field, the process shown in
Figure 2d visually resembles the expansion and contraction of a
human eye’s pupil or an optical diaphragm. This inspired us to
demonstrate the use of particle-covered droplets as a
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millimeter-sized diaphragm with an adjustable aperture for
controlling the light passage. As done in the previous
experiments, we docked a particle-covered silicone oil droplet
in an O-ring attached to one of the ITO-coated electrodes.
Additionally, we illuminated the droplet with a laser light (see
Figure S3). The sample cell was filled with castor oil, and the
laser light was centered in the middle of the droplet. The
droplet shape was nearly spherical in the absence of an electric
field. Surface particles covered the entire interface of the
droplet except the part inside the O-ring. As a result, very little
light passed through the droplet (see the left panel of Figure
6a). When the droplet was subjected to a dc electric field of

(b) 220
g - £ -
g P ‘
o . . .
2 & s .
s . = . i = . ®* n= °
§ 5t 0 n=1 . n=2 . n=12 %,
S Ole’ e WY o SWURR
300 '
£ 200}
£ 100}
2 ol
“' 0 10 20 30 40 50 60 70 ~ 480 490 500 510

time (s)

_—
(2]
~
o
T
- 4

— ®
< 8 o -
°
é 6 A
3.‘ L ]
g ol , ™
) ° =
g 2t
-~ P - -
[ - ] . L
0 50 100 150 200 250

Electric field (V-mml)

Figure 6. (a) Silicone oil droplet (~3.5 mm) covered with PE
particles (~50 um) viewed perpendicular to the electric field
direction, which was horizontal. During the whole experiment, a
laser light illuminated the center of the droplet. After the electric field
was turned on, particles moved away from the droplet’s electric pole
and the laser light was able to pass through the droplet. (b) Opening
area (particle-free area at the droplet’s electric pole) and strength of
the applied electric field as a function of time. The opening and
closing process of the particle layer was repeated several times. (c)
Changes in light intensity passing through a particle-covered droplet
as a function of electric field strength. See also the corresponding
Movie Sé6.

strength 250 V-mm™', an opening in the particle film was
formed at the droplet’s electric pole, and the laser light could
pass through the droplet (middle panel of Figure 6a). The
droplet relaxed to a spherical shape after we turned off the
electric field, and the particles covered the entire droplet again.
Consequently, the laser light was blocked again (see also the
corresponding Movie S6). We found that the opening-closing
process was fully reversible and durable (Figure 6b).

Quantitative data for the light intensity as a function of
electric field strength are shown in Figure 6c.

In the next experiment, we demonstrate that the method
enables manipulation of droplet liquid without harming the
particle shell. For this, we used a stainless-steel needle (outer
diameter of 0.5 mm) that had a dual function. It worked as an
electrode allowing formation of an opening in a particle shell
and was used to remove/add liquid from/to a droplet. In the
experiments, the needle was at a fixed dc potential of around
500 V. In Figure 7a—e, we show that the opening formed and
grew in size as the electrode was lowered approaching a
droplet. At such moderate voltage, it was possible to make a
large enough opening to insert the needle into the droplet
avoiding touching the particles. Too low electric potential was
insufficient to form a large opening and too high electric
tension caused the droplet to break apart (see Figure S4). As
the surface of the droplet at its electric pole nearest to the
needle-electrode has the electric potential as the electrode, the
droplet is repelled for that electrode. The droplet deformation
is balanced by the surface tension, and at some point, the
electrode is able to reach the droplet’s surface. This allows for
adjustment of the droplet volume. We took advantage of it to
form a buckled particle shell and a patchy shell. We formed a
silicone oil droplet (~2 mm) covered with PE particles (50
um) and placed it on a conductive bottom of the sample cell
(Figure 7f). Then we applied voltage to the electrode and
lowered it down to make an opening (Figure 7g) through
which the needle was inserted into the droplet (Figure 7h).
Next, we removed around one quarter of the initial volume of
the droplet liquid (Figure 7i) and moved the electrode upward.
After the electrode was removed from the droplet, we switched
off the electric field. Because the surface area of the droplet
decreased while the particle number stayed unchanged, the
particle shell buckled and remained stable (Figure 7j). In the
last decade, buckled armored droplets have been widely
studied. This is because they are considered to hold promise
for a variety of applications including drug delivery systems
and biomimetic design of functional surfaces.®”*°

We made another spherical silicone oil droplet covered with
PE particles (Figure 7), but this time, we added a portion of a
dispersion of black dyed PE particles in silicone oil. In the
same manner as before, we inserted a needle-electrode (Figure
71) and added the dispersion (Figure 7m). Next, the electrode
was lifted (Figure 7n), and the electric field was switched off.
The droplet returned to the spherical shell, and particles
relaxed covering the entire surface. The resulting droplet had a
small patch made of black PE particles (Figure 70). Droplets
with patchy shells can be used for fabricating patchy capsules
by interlocking (e.g, sintering) particles. Such structures
combine the functionalities provided by permeable shells and
those offered by Janus (patchy) particles. For example, due to
specific interactions between their domains, patchy capsules
can align and orient when subjected to external fields and self-
assemble into suprastructures to produce light and hollow
scaffolds.”” When used as microcapsules, a patch can be used,
for example, to anchor the capsule to the site of a target and
also enable triggered release in a specific direction.”* We note
that the demonstrated route for formation of droplets with
buckled and patchy shells is not high-throughput but it can be
used for production of individual droplets with different
physicochemical properties.

The method for particle shell opening and closing could be
also possibly used to inspect the interior content of particle-
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(b)

Figure 7. The method enables manipulation of droplet liquid without harming the particle shell. Three silicone oil droplets (~2 mm) were covered
with PE particles (green ~100 ym, red ~50 ym) and placed on the conductive bottom of the sample cell. (a—e) A stainless-steel needle (outer
diameter of 0.5 mm) is at an electric potential of around 500 V. The opening formed in the particle shell and grew in size as the electrode was
lowered approaching the droplet. The droplet deformation is balanced by the surface tension, and at some point, the electrode is able to reach the
droplet’s surface. This allows for adjustment of the droplet volume and makes (f—j) a droplet with a buckled shell or (k—0) a droplet with a patchy
shell by adding a small amount of dispersion of black dyed PE particles in silicone oil.

Figure 8. Opening of shells composed of particles with different cohesive forces. The droplets covered with particles were viewed along the electric
field direction. (a) A particle film composed of Li-fluorohectorite clay mineral particles (size ~S ym) fractures at an electric field strength of around
125 V-mm™. (b) A similar electric field applied to a droplet covered with 20 ym PE particles resulted in formation of a small opening with short

branches. (c) 50 ym PE particles separate very easily from one another, and the particle layer “liquifies”.

covered droplets, as we demonstrated in Figure S4. Such an
online diagnostic method can be used, for example, in
microfluidic systems, droplet-based microfluidics, or MEMS
for studying the content of Pickering droplets. Zhao et al.*’
have recently demonstrated that online detection can be
realized on magnetic liquid marbles by using magnetic fields to
manipulate magnetic particles at interfaces. The authors
performed electrochemical and optical measurements of a
droplet through an opening in the magnetic particle shell. As
presented in Section 3.3, our method works for various types
of nonmagnetic particle shells and is also applicable to
electrically weakly conductive particles with magnetic proper-
ties (such as demonstrated paramagnetic particles in Figure
Se).

The electric field method can also be used as a tool for
fundamental studies. As an example, in Figure 8a—c, we
present the study on the fracturing of particle shells on curved
interfaces. We prepared three droplets covered with particle
shells, each shell composed of particles with different strengths
of the particle—particle cohesive interactions. After the
particle-covered silicone oil droplets were docked in the O-
ring, we applied an electric field (increasing its strength
stepwise by 25 V:mm™') to each droplet and observed the
formation of an opening. In all cases, the observable feature on
particle shells emerged at E = 150 V-mm™". A particle film
composed of Li-fluorohectorite clay mineral particles (size ~S
um) fractured through one main crack (Figure 8a). The clay
mineral particles adhered to each other strongly due to the
presence of small amounts of water (in the clay) and formed a

thin two-dimensional elastic film that fractured under the load.
Unlike the clay mineral particle shell, the shell made of 50 ym
PE particles liquefied. Because the attractive interactions
between particles were weak, they separated very easily from
one another forming only small aggregates (Figure 8c). It is
known that the cohesive strength between particles increases
with decreasing particle size. Indeed, this is what we observed
experimentally—that is, the attractive interactions between 20
um PE particles were slightly stronger than those for 50 ym PE
particles. Application of an electric field for the droplet covered
with 20 um PE particles resulted in formation of a small
opening with short fracturing branches (Figure 8b). When a
stronger electric field was applied (>200 V-mm™) to each of
the droplets, large openings of similar size were formed with a
circular shape without any fracturing features.

Negri et al®® studied theoretically the deformation and
failure of curved colloidal crystal shells formed on spheres.
Their results highlighted the role of crystal defects in
controlling mechanical stability and plastic rearrangements of
the shell. Experimental realization would support the authors’
findings, and the electric method demonstrated here can be
used for this purpose—as a noncontact indenter—to study and
understand the stability of curved colloidal or granular crystal
and amorphous particle shells under load. Mechanical
properties of particle layers can also be investigated through
crumpling experiments, as demonstrated in Figure S6 and
Movie S8.
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4. CONCLUSIONS

We found that electric fields, through EHD convective flows
and droplet electrodeformation, can structure particles at
droplet interfaces to make an opening in particle shells formed
on the droplets. The size of the opening can be actively
controlled by tuning the strength of the electric field, and we
have shown that it is intimately linked to the magnitude of
droplet deformation. We have demonstrated that the time to
open and close a particle layer on a droplet—that is, how fast
EHD flows move particles at the droplet interface—depends
on the applied electric field strength and the viscosity of the
oils. The strong relationship between the electric field strength
and the timescale for particle arrangement enables fast
switching between states (from a closed to open particle
shell) in just milliseconds. The possibilities to easily tailor both
the size of the opening and dynamics of the opening-closing
process via noninvasive electric fields make the particle-
covered droplet a suitable responsive material for a wide range
of applications. Indeed, we have shown that particle-covered
droplets subjected to an electric field can function as a
millimeter-sized diaphragm (e.g, to be incorporated into
optical systems or used in robotics). The presented electric
route allows manipulation of droplet liquid without harming its
particle shell (for making droplets with buckled or patchy
shells) or as an online diagnostic tool (e.g., for studying the
content of Pickering droplets). Because the opening-closing
method is easy to implement and operate, we expect it to find
additional applications, for example, in microfluidic systems or
MEMS. Moreover, the mechanism can also be used as a tool in
fundamental research, for example, to study the mechanical
properties of particle layers through crumpling experiments or
to investigate fracturing of cohesive films. We envision that the
presented mechanism for opening and closing particle films on
oil droplets could also be used to control the colors of
materials through structural manipulation (structural colora-
tion) and to produce anisotropic functional structures, such as
patchy shells and particles, or porous structures, for example,
for cell-based applications.”””’
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Particle concentration in silicone oil; images of silicone
oil droplet covered with PE particles, particle-covered
droplet subjected to an electric field, an electrode
inserted in the droplet, and inspecting the interior of the
droplet; laser experiment setup; crumpling of a particle
film (PDF)

Silicone oil droplet covered with polyethylene red
particles (REDPMS-0.98, average size ~50 pm and
density ~0.98 g-cm™') were made inside the castor oil
using a micropipette. The particles were transported at
the silicone oil droplet interface by applying a dc electric
field of strength 200 V-mm™" (AVI)

A polyethylene green particle (GPMS-0.98, average size
~20 pm and density ~0.98 g-cm™")-covered silicone oil
droplet (diameter ~3 mm) immersed in castor oil and
docked in a nonconductive O-ring (outer diameter of
~4 mm, inner diameter of ~2.5 mm) that was fastened
to an ITO-coated electrode. The droplet was subjected
to a dc electric field. The electric field strength increased
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stepwise from 0 to 290 V-mm™' and then decreased
stepwise to 0 V-mm ™. The movie was sped up 50 times
(AVI)

A polyethylene red particle (REDPMS-0.98, average size
~50 pum and density ~0.98 g-cm™")-covered silicone oil
droplet (diameter ~2.5 mm) immersed in castor oil and
placed on a flat copper electrode at the bottom of a
sample cell. A plate electrode was immersed in the castor
oil from above. The droplet was subjected to a dc
electric field of strength 250 V-mm™'. The movie was
sped up 5 times and looped twice. The closing of the
shell in the movie is actually an opening of the shell
played in reverse (AVI)

A polyethylene green particle (GPMS-0.98, average size
~20 pm and density ~0.98 g-cm™")-covered silicone oil
droplet (diameter ~3.2 mm) immersed in castor oil and
docked in a nonconductive O-ring that was fastened to
an ITO-coated electrode. The droplet was subjected to a
dc electric field of strengths 325—475 V-mm™’, and the
electric field was applied until the particle-free area at the
drop pole reached the defined value A ; (~55000 square
pixels). The movie was sped up 2 times (AVI)

A polyethylene green particle (GPMS-0.98, average size
~90 um and density ~0.98 g-cm™")-covered silicone oil
droplet (diameter ~3.5 mm) immersed in castor oil and
docked in a nonconductive O-ring that was fastened to
an ITO-coated electrode. The viscosity of the castor oil
was changed by heating the oils from 23 to 50 °C. The
silicone oil droplet was subjected to a dc electric field of
strength 250 V-mm™' until the opening area at the
electric pole reached A, (~45000 square pixels). The
movie was sped up 2 times (AVI)

A polyethylene green particle (GPMS-0.98, average size
~20 um and density ~0.98 g-cm™')—covered silicone oil
droplet (diameter ~3.5 mm) immersed in castor oil and
attached to a nonconductive O-ring (outer diameter of
~4 mm, inner diameter of ~2.5 mm) that was fastened
to an ITO-coated electrode. The droplet was subjected
to a dc electric field of strength 260 V-mm™". During the
whole experiment, the droplet was illuminated with laser
light (wavelength 532 nm, diameter ~0.5 mm, intensity
30 mW) at the center of the droplet (AVI)

A polyethylene red particle (REDPMS-0.98, average size
~50 pum and density ~0.98 g-cm™")-covered silicone oil
droplet (diameter ~3 mm) immersed in castor oil and
placed on a flat copper electrode at the bottom of a
sample cell. A metal rod, constituting a second electrode,
was placed at the center above the droplets and
subjected to a dc electric field of strength 400 V-
mm~". The movie was sped up 2 times (AVI)

A Laponite particle (purchased from Laponite Inc., in
the form of a fine white powder)-covered silicone oil
droplet (diameter ~5 mm) immersed in castor oil and
attached to a nonconductive O-ring (outer diameter of
~4 mm, inner diameter of ~2.5 mm) that was fastened
to an ITO-coated electrode. The droplet was subjected
to an electric field of strength 0—360 V-mm™'
(frequency 0.5 Hz). When the electric field strength
was increased from 340 to 360 V-mm™, the particle film
crumpled through one main vertical fold. The movie was
sped up 2 times (AVI)
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Table S1. Particle concentration in silicone oil.

Figure Particles Concentration  Droplet size
~3 w/w% ~3.0mm
Fig. 2 green PE (20 um) °
~3 w/w% ~3.2mm
Fig. 4a green PE (20 um)
~ 0, ~
Fig. 4b green PE (90 um) 10 wfw?% 3.5mm
Fig. 5a green PE (90 um) ~10 w/w% ~3.5mm
Fig. 5b silica (250 nm) ~35 w/wo%’ ~0.2mm
Fig.5c  Li-fluorohectorite (~5 um) ~ ~30 WAG ~0.5mm
Fig. 5d red PE (50 um) ~7 w/w% ~3.0mm
Fig. 5e paramagnetic (50 um) ~12 w/w% ~2.0mm
Fig. 6 red PE (50 um) ~7 w/w% ~2.0mm
Fig. 7a green PE (100 um) ~10 w/w% ~2.0mm
Fig. 7b red PE (50 um) ~7 w/w% ~20mm
Fig. 7c red PE (50 um) ~7 w/w% ~2.0mm
Fig. 8a  Li-fluorohectorite (~5 um) ~25 w/w%" ~3.0 mm
Fig. 8b green PE (20 um) ~3 w/w% ~3.0mm
Fig. 8c red PE (50 um) ~9 w/W% ~3.0mm
Fig. S1 red PE (50 um) ~7 w/w% ~1.8 mm
Fig. S2 red PE (50 um)
~11 w/w% ~3.0mm
Fig. S4 green PE (100 um)
) ~10 w/w% ~2.0mm
Fig. S5 red PE (50 um)
) ~7 w/w% ~3.0mm
Fig. S6 Laponite (~5 pm)
~25 w/w%" ~5.0mm

*High concentration was used to prepare the dispersion that was centrifuged to remove particle agglomerates > 10 pm

Figure S1. Particle-covered droplets were formed using a DC electric field. An example of a silicone oil droplet covered with

PE particles (~50 um). The particles (strongly capillary bound the droplet’s surface) were arranged in a jammed, slightly
disordered hexagonal structure as shown in the blow-up (see also Movie S1).



Flow velocity (um s?)

Figure S2. (left) Experimentally observed hydrodynamic streamlines outside a particle-laden droplet while subjected to an
electric field of strength 260 V-mm™1. PE particles (~20 pm) were used as tracer particles in the surrounding castor. The
sample cell was filled with castor oil and the droplet (~3 mm) covered with PE particles (~50 um) was attached to an O-ring
(fastened at one electrode). The image was composed by overlapping several images captured over a period of 20 seconds.
(right) The corresponding particle image velocimetry image shows the flow velocity map. The white area represents the size
of the opening in the particle layer.

By performing particle image velocimetry (PIV) experiments, we measured the magnitude and direction
of EHD flows quantitatively outside the droplet’s electric pole. PE particles (~20 um) were suspended in
castor oil and used as tracer particles (see the left panel of Figure S2). When we applied a DC electric
field, the particles followed the electric field—induced flows outside the droplet’s electric pole. The flow
directions and velocities for a droplet subjected to an electric field of strength 260 V-mm™ are visualized
in the right panel of Figure S2. The flow fields demonstrate how the surface particles on the droplet are
carried away from the droplet’s electric pole by the flow. Two vortexes are located close to the droplet
interface, and the flow velocity is fastest closer to the droplet’s electric pole (magnitude around 50
um-s71). The flows outside the droplet were measured after the droplet had reached a steady-state
deformation and no further structuring of the particle layer was observed.

e

E-field ON

no E-field

Figure S3. (a,b) Experimental setup for a laser experiment. A sample cell (10 mm x 10 mm x 30 mm) was made of glass with
two of the inside walls coated with a conductive indium tin oxide (ITO) layer, constituting electrodes. An O-ring of size 4 mm
was fastened on the inside of the sample cell to one of the electrodes. The sample cell was filled with castor oil, and a silicone
oil droplet covered with PE particles was docked in the O-ring. The droplet was illuminated with laser light (class Ill laser

S-3



pointer, of wavelength 532 nm, intensity 30 mW, and diameter 0.5 mm) through its center along the electric field. DC electric
field of strength between 0 and 260 V-mm~! were applied to open and close the particle layer at the droplet interface.

Figure S4. An electrode inserted into the PE particle covered silicone oil droplet (~2 mm). High electric tension (~1 kV)
applied to the electrode caused the droplet to violently break apart.

(a) l (c) I

E=0V:-mm? E=400V-mm™ E=0V-mm

Figure S5. (a—i) Procedure of inspecting the interior content of particle-covered droplets. Three silicone oil droplets (~3 mm)
were covered with PE particles and placed on a flat electrode in the bottom of the sample cell. A metal rod was used as the
second electrode and placed at the center above one of the droplets. Under the application of an electric field (strength 400
V-mm-~ in vertical direction), the PE particles moved away from the droplet’s electric pole and formed an opening in the
particle shell that enabled inspection of the inside liquid. See also the corresponding Movie S7.

We made three particle-covered droplets (~3 mm) and placed them on an electrode at the bottom of a
sample cell that was filled with castor oil. Above the droplets, we placed a conductive rod-shaped
electrode that could move relative to the droplets. Initially, the three droplets were entirely covered
with PE particles (Figure S5a). A non-uniform DC electric field of strength ~400 V-mm™ was then
generated in the vertical direction. The configuration of the electrodes set up a local electric field that
only deformed and induced flows around the droplet positioned between the electrodes. Consequently,
the PE particles at the interface of that particular droplet moved away from the droplet’s electric pole,
forming an opening in the particle shell (Figure S5b). Next, we turned off the electric field (Figure S5c)
and placed the electrode above a second droplet (Figure S5d). The electric field was then reapplied to
form an opening in the PE particle shell (Figure S5e). The same procedure was repeated for the last
droplet (Figure 5g—i). See also the corresponding Movie S7.
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Figure S6. Crumpling of a particle film composed of Laponite clay particles (size ~5 um) formed on a silicone oil droplet.
(a) The particle-covered droplet was subjected to an electric field (horizontal direction) of strength 340 V-mm-~L. (b—d) When
the electric field strength was increased to 360 V-mm™?, the particle film crumpled through one main fold. (e) The particle
layer unfolded after the electric field was turned off. See also the corresponding Movie S8. The electric field (through EHD
liquid flows) can be used to study mechanical properties of particle films, such as the elasticity and bending stiffness.

Movie S1. Silicone oil droplet covered with polyethylene red particles (REDPMS-0.98, average size ~50 um and density ~0.98
g-cm™) were made inside the castor oil using a micropipette. The particles were transported at the silicone oil droplet
interface by applying a DC electric field of strength 200 V-mm~1.

Movie S2. A polyethylene green particle (GPMS-0.98, average size ~20 um and density ~0.98 g-cm™)—covered silicone oil
droplet (diameter ~3 mm) immersed in castor oil and docked in a nonconductive O-ring (outer diameter of ~4 mm, inner
diameter of ~2.5 mm) that was fastened to an ITO-coated electrode. The droplet was subjected to a DC electric field. The
electric field strength increased stepwise from 0 to 290 V-mm~™ and then decreased stepwise to 0 V-mm~. The movie was
sped up 50 times.

Movie S3. A polyethylene red particle (REDPMS-0.98, average size ~50 um and density ~0.98 g-cm~1)—covered silicone oil
droplet (diameter ~2.5 mm) immersed in castor oil and placed on a flat copper electrode at the bottom of a sample cell. A
plate electrode was immersed in the castor oil from above. The droplet was subjected to a DC electric field of strength 250
V-mm-~. The movie was sped up 5 times and looped twice. The closing of the shell in the movie is actually an opening of the
shell played in reverse.

Movie S4. A polyethylene green particle (GPMS-0.98, average size ~20 um and density ~0.98 g-cm™)—covered silicone oil
droplet (diameter ~3.2 mm) immersed in castor oil and docked in a nonconductive O-ring that was fastened to an ITO-coated
electrode. The droplet was subjected to a DC electric field of strengths 325-475 V-mm™, and the electric field was applied
until the particle-free area at drop pole reached the defined value A, (~55,000 square pixels). The movie was sped up 2
times.

Movie S5. A polyethylene green particle (GPMS-0.98, average size ~90 um and density ~0.98 g-cm™)—covered silicone oil
droplet (diameter ~3.5 mm) immersed in castor oil and docked in a nonconductive O-ring that was fastened to an ITO-coated
electrode. The viscosity of the castor oil was changed by heating the oils from 23 °C to 50 °C. The silicone oil droplet was
subjected to a DC electric field of strength 250 V-mm~! until the opening area at the electric pole reached A, (~45,000 square
pixels). The movie was sped up 2 times.

Movie S6. A polyethylene green particle (GPMS-0.98, average size ~20 um and density ~0.98 g-cm~1)—covered silicone oil
droplet (diameter ~3.5 mm) immersed in castor oil and attached to a nonconductive O-ring (outer diameter of ~4 mm, inner
diameter of ~2.5 mm) that was fastened to an ITO-coated electrode. The droplet was subjected to a DC electric field of
strength 260 V-mm™. During the whole experiment, the droplet was illuminated with laser light (wavelength 532 nm,
diameter ~0.5 mm, intensity 30 mW) at the center of the droplet.

Movie S7. A polyethylene red particle (REDPMS-0.98, average size ~50 um and density ~0.98 g-cm~1)—covered silicone oil
droplet (diameter ~3 mm) immersed in castor oil and placed on a flat copper electrode at the bottom of a sample cell. A
metal rod, constituting a second electrode, was placed at the center above the droplets and subjected to a DC electric field
of strength 400 V-mm™. The movie was sped up 2 times.

Movie S8. A Laponite particle (purchased from Laponite Inc., in the form of a fine white powder)—covered silicone oil droplet
(diameter ~5 mm) immersed in castor oil and attached to a nonconductive O-ring (outer diameter of ~4 mm, inner diameter
of ~2.5 mm) that was fastened to an ITO-coated electrode. The droplet was subjected to an electric field of strength 0—-360
V-mm-~ (frequency 0.5 Hz). When the electric field strength was increased from 340 to 360 V-mm™, the particle film crumpled
through one main vertical fold. The movie was sped up 2 times.
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Understanding of the behavior of an individual droplet suspended in a liquid and subjected to a stress
is important for studying and designing more complex systems, such as emulsions. Here, we present an
experimental study of the behavior of a particle-covered droplet and its particle shell under compressive stress.
The stress was induced by an application of a DC electric field. We studied how the particle coverage (¢), particle
size (d), and the strength of an electric field (E) influence the magnitude of the droplet deformation (D). The
experimental results indicate that adding electrically insulating particles to a droplet interface drastically changes
the droplet deformation by increasing its magnitude. We also found that the magnitude of the deformation is not
retraceable during the electric field sweeping, i.e., the strain-stress curves form a hysteresis loop due to the energy
dissipation. The field-induced droplet deformation was accompanied by structural and morphological changes
in the particle shell. We found that shells made of smaller particles were more prone to jamming and formation

of arrested shells after removal of an electric stress.

DOI: 10.1103/PhysRevE.103.062605

I. INTRODUCTION

Droplets covered by granular or colloidal particles have
recently been actively studied from the perspective of both the
fundamental and the applied sciences. They are considered as
suitable materials to be used in the food technology [1], drug
delivery [2], cosmetics [3], biomedical applications [4], and
oil industry [5]. Particle-covered droplets have characteristics
that make them useful also for fabricating adaptive structures
[6,7], porous materials [8], colloidal photonic crystals [9],
and responsive microcapsules with homogenous [10,11] or
heterogeneous particle shells [12,13]. Moreover, the particle-
covered droplets can be used as experimental model systems
for studying different phenomena taking place on curved
liquid-liquid interfaces, for example, particle assembly [14],
ordering [15], mixing [16], as well as particle-layer buckling
[17].

In many research areas, knowledge of the stability and me-
chanics of an individual particle-covered droplet is essential,
e.g., for the efficient fabrication of Pickering emulsions [18],
for designing emulsions with controlled stability [19,20], and,
in general, for the further development of the above men-
tioned research fields. In this context, several research groups
have studied theoretically and experimentally the deformation
[21-24], relaxation [25,26], dynamics [27], and mechanical
properties of particle-laden droplets [28,29]. Experimen-
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tal methodologies involved in research on particle-covered
droplets include compressive strain [25,30], atomic force mi-
croscopy [31], as well as ultrasonic and magnetic methods
[32,33]. Another approach for studying the properties of
particle-laden droplets is the application of an electric field
(E field).

E fields have demonstrated to be an adaptable method
for studying particle-droplet stability [20], electrorotation
[16,22], as well as steady-state [34,35] and transient defor-
mations [36-38]. In this paper, we use an E field to study
the behavior of a particle-covered oil droplet and its particle
shell under induced electric stress. In the oil-oil systems, an
E field can be used to generate the electric stresses that either
compress or stretch a particle-covered droplet depending on
physical parameters of the fluids and particles (e.g., electrical
conductivity and dielectric properties), and the parameters
of an applied E field (frequency and strength). For exam-
ple, a particle-covered droplet subjected to a DC E field can
compressively deform, whereas an application of an AC E
field to the same droplet may stretch it [6]. Here, we wished
to investigate a particle-covered droplet under compressive
stress. Therefore, we chose to use a uniform DC E field and
work with a three-phase system comprising an electrically
weakly conductive silicone oil droplet covered by electrically
insulating microparticles and suspended in slightly more elec-
trically conductive castor oil. In such a system, the E 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
E field acts on these charges, and it compresses the droplet
that eventually acquires an oblate geometry, i.e., the longest
droplet axis is perpendicular to the E field.

Many experimental and theoretical studies have been con-
ducted on this type of deformation. Initially, the majority

Published by the American Physical Society
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of the studies concerned particle-free droplets. The theory
on the droplet deformation and relaxation (after reducing
E-field strength) was established a long time ago [39] and
has since been further developed [37,40-43]. Thus, the in-
fluence of liquids’ electrical properties and parameters of
the E field on the mechanics of pure droplets is now well
described. Much less is known about the deformation of
particle-covered droplets, although, lately the knowledge gap
has been narrowing by the works of several research groups
[6,24,34-36,44]. However, in all these research contributions
the particle-covered droplets were studied in a narrow range of
E-field strengths. This is because the particle-covered droplets
suspended roughly in the middle of the sample cell and
unattached to any surface could freely translate and rotate in
the presence of an E field. Thus, at moderate strengths of E
fields (above ~150 V mm™") a particle-covered droplet begins
electrorotating, which prevents researching on the droplet de-
formation at higher E-field strengths. In the research presented
here, we solve this problem by docking a droplet into an
O-ring washer attached to one of the walls of the sample
cell. In this way the droplet is held in place preventing: (i)
its motion in the sample cell due to the presence of convective
flows of liquid in the cell and (ii) its electrorotation as well
as easing the experimental observations. Therefore, we can
study the behavior of a droplet and its particle shell subjected
to much greater E-field strengths (~300 Vmm™!).

There is also little knowledge about the influence of par-
ticle coverage on the droplet deformation. In this paper,
we investigate thoroughly this correlation. Another subject
of consideration is the relaxation of the particle-covered
droplets. Numerous research articles deal with the relaxation
kinetics [25,35,44,45]. Lately, several works have been pub-
lished on the behavior of the particle shell after removal of
the external force. The research concerned particle jamming
(leading to formation of stable nonspherical droplets), par-
ticle shell buckling, and structural changes [46—49]. In our
previous work on opening and closing of particle shells on
droplets, we found that the magnitude of the droplet defor-
mation was nonretractable and exhibited hysteresis, and the
particle shell underwent structural and morphological changes
[46]. Rane et al. [30] reported hysteresis in deformation
of liquid marbles during the mechanical compression and
decompression. They attributed the presence of the hystere-
sis to the interlocking and rearrangement of particles at the
droplet interface. Monteux et al. [S0] and Xu et al. [51] also
demonstrated the hysteresis effect by volume compression
and expansion of the droplet, and they attributed the slow
rearrangement due to the particles aggregation at the droplet
interface.

Different mechanisms of droplet compression and decom-
pression were used in the four above mentioned works, and
the force on a particle-covered droplet was exerted in a differ-
ent way. This has certain consequences. For example, during
the mechanical compression of a droplet by two flat slabs,
the particles in the shell become loosely packed. Whereas, in
the method presented here and in our previous work [46], the
particles are kept tight during the application of the E field,
which may result in buckling of the shell. Due to the limited
understanding of our previous result, we decided to conduct
further research.

Thus, in this paper, our objectives are to show: (i) how
the particle coverage, particle size, and the strength of the £
field influence the magnitude of steady-state deformation of a
droplet with a particle shell; and (ii) how the particle size and
the strength of the E field affect the recovery of a particle shell
and the arrangements of the surface particles.

II. EXPERIMENTAL SETUP AND MATERIALS

The experimental setup consisted of an optical acrylic cu-
vette (10 x 10 x 30mm?) used as a sample cell with two
copper plates that constituted electrodes, a signal generator
(SDG1025, SIGLENT Technologies), a high voltage amplifier
for generating a direct current electric signal (10HVA24-BP1,
HVP High Voltage Products GmbH), and a digital microscope
(AM7315MZT, Dino-Lite) for viewing perpendicular to the
direction of the applied E field. A schematic illustrating the
experimental setup is shown in Figs. 1(a) and 1(b). A plastic
washer (outer diameter 4.0 mm, inner diameter 2.3 mm, and
thickness 0.4 mm) was glued to one of the copper electrodes
(at its center). The washer was used to hold a droplet in place,
i.e., prevent: (i) its motion in the sample cell in the presence
of convective flows of liquid and (ii) its rotation [22]. The
presence of the washer influenced only slightly (by less than
15%) the magnitude of the droplet deformation (see Fig. S1
of the Supplemental Material [52]). We, therefore, do not
take it into account in the data analysis and discussion. In
the experiments with results presented in Figs. 8 and 9, we
used a cell made of glass with two glass walls coated by an
electrically conductive indium tin oxide (ITO) layer.

Polyethylene particles (WPMS-0.98, size ~3pum,
density ~0.98 gcm’3; GPMS-0.98, size ~18 um, density

~0.98gcm™3; BLPPMS-1.00, size ~30pum, density
~1.00gcm™3; REDPMS-0.98, size ~50um, density
~098gcm™3; GPMS-0.98, size ~100um, density
~0.98gcm™3;  electrical  conductivity ~10" S m~!,

purchased from Cospheric LLC) and clay mineral particles
(Li fluorohectorite, size ~5um; density ~2.8 gcm‘3,
Corning, Inc., USA) were used to make a monolayer shell
on a silicone oil (VWR Chemicals, Rhodorsil® 6678.1000,
density 0.96gcm™3, electrical conductivity ~10pS m~!,
relative permittivity ~2.6-2.9 at 25 °C, and viscosity 50 mPa
s) droplet formed in castor oil (Sigma-Aldrich 83912, density
0.961 gcm™2 at 25°C, electrical conductivity ~60pSm™!,
relative permittivity ~4.6-4.8 at 25°C, and viscosity 750
mPa s). The interfacial tension between the two immiscible
oils was around 4.5mN m™~".

III. FORMATION OF PARTICLE-COVERED DROPLETS
AND EXPERIMENTAL PROCEDURES

We used an E-field approach (see Ref. [7]) to form a mono-
layer particle shell on the surface of a silicone oil droplet.
Initially, silicone oil dispersion of polyethylene (PE) particles
was prepared using a specific particle concentration required
to form a particle-covered droplet of a certain size and a
desired particle coverage. The dispersion was ultrasonicated
for 5 min to avoid particle aggregating, and, subsequently, a
dispersion droplet was formed (using a regular mechanical
pipette) in a cuvette filled with castor oil. Next, an E field
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FIG. 1. (a) and (b) Schematics illustrating the experimental setup, which consisted of a digital microscope for viewing perpendicular to the
direction of the applied E field, a sample cell placed on a mechanical XYZ translational stage, a signal generator, and a voltage amplifier for
generating a high-voltage electric signal, which is provided to the electrodes inserted inside the sample cell. (c) Schematics of particle shell
opening: A droplet with the surface particles is viewed at a 30 ° angle with respect to the E-field direction, which is horizontal. Application of
an electric field (E)) to the initially spherical droplet (ty) densely covered with particles results in its deformation due to the electric stress. The
induced EHD flows convect particles away from the droplet’s electric pole thereby forming an opening in the particle layer. After application
of a stronger electric field (E,), the droplet deforms more, allowing the opening to grow in size, and the EHD flows to strengthen (indicated by

the longer curved arrows).

(~200 Vmm~!') was applied so that the particles in the
bulk liquid of the dispersion droplet were guided toward
the droplet’s interface by electrostatic force. As the particles
reached the surface of the droplet, they were carried toward
the electric equator of that droplet by the E-field induced
liquid flows. It took several minutes for all particles to get onto
the interface and eventually form a packed particle monolayer.
The particles were irreversibly trapped at the droplet interface
by capillary forces as the thermal energy is a few orders of
magnitude smaller than that stemming from the capillary in-
teraction for microparticles [48]. The droplet was then docked
in an O-ring washer to prevent its motion in the sample cell
and ease the experimental observations. To avoid particles
inside the ring, we first docked a pure silicone oil droplet and
then brought the particle-covered droplet and let it electrocoa-
lesce. To adjust the droplet volume and the particle coverage,
some of the silicone oil was extracted from the droplet using a
micropipette. This spherical particle-covered droplet was then
studied in an F field, which was in the horizontal direction.

When a particle-free droplet or a droplet covered with PE
particles is subjected to a direct current E field, free charges
(ionic impurities in oils) accumulate at the droplet’s interface.
This results in the generation of the electric stress that deforms
the droplet, thereby increasing the droplet’s surface area and
decreasing the particle coverage. The steady-state deforma-
tion of the droplet due to the electric stress is given by the
Melcher-Taylor model [53],

_ 9r08()6‘eng
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where R = %, S = zf, = %, and R, S, and A are the
conductivity, dielectric constant, and viscosity ratios, &g is
the dielectric constant of the surrounding fluid, ry is the ra-
dius of the droplet, and y is the interfacial surface tension
between the droplet and the exterior fluid. The subscript “ex”
represents the exterior fluid (castor oil), whereas the sub-
script “in” represents the interior fluid which is the droplet
(silicone oil). In the system studied here, the electric stress
compresses the droplet, therefore, the magnitude of the defor-
mation has a negative sign if the deformation is described as
D = (dy—d,)/(d) +dy), where d and d, are the droplet’s
axes parallel and perpendicular to the E-field direction, re-
spectively. However, in all our plots we use the absolute value
of D. Application of the E field also results in the induc-
tion of the electrohydrodynamic (EHD) flows. In the case
of the particle-covered droplets, these flows convect particles
away from the droplet’s electric pole, forming a particle-free
area there. The convected particles pack densely within the
particle shell. When the E-field strength is increased, the
droplet deforms more, allowing the particle-free area to grow
in size and the EHD flows to strengthen as presented in
Fig. 1(c).

In our experiments, we varied the E-field strength and
the particle coverage as well as the droplet size and studied
changes in the magnitude of the droplet’s deformation
by estimating the major and minor lengths of the droplet
using GRAPHS software. We limited the E-field strength to
285 Vmm~' because at stronger E fields (above
~300 Vmm™!) particles detached irreversibly from the
droplet’s surface. The particles coverage was also estimated
through image analysis of the droplets. We define here the
particle coverage of the droplets as ¢ = S/A, where S is the
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surface area of the particle film and A is the surface area of
the droplet with excluded part of the droplet in the washer.
Thus, the value of the particle coverage as defined here is in
the range from O to around 1.0. ¢ = 0 defines the silicone oil
droplet without particles, and ¢ = 1 defines the silicone oil
droplet fully covered by the PE particles.

IV. PARTICLE IMAGE VELOCIMETRY EXPERIMENTS

The flowlines around droplets were traced using particle
image velocimetry (PIV). Fluorescent PE particles (UVPMS-
BY2-1.00, size of ~35 um, Cospheric LLC) were dispersed
in castor oil (0.3% by weight) and poured in the sample cell.
A 500-pm thin sheet of particles was selected by focusing a
532-nm laser light (COM-09906-5 mW, SparkFun Electron-
ics) from above the sample cell through a laser line generator
lens (Powell lens), similar as in the experiment presented in
Ref. [6]. During the experiments, the laser sheet was always
aligned in the middle of the drop, oriented along the E-field di-
rection, and perpendicular to the view direction of the micro-
scope (see Fig. S2 in the Supplemental Material [52]). Movies
(5 fps) were recorded for each experiment with a 1920 x 1080
-pixel resolution (1 pixel ~6.2 um). Twenty-five sequen-
tial frames were then compared and analyzed using PIVLAB
(v.1.41, MATLAB toolbox application), yielding flow velocities
for each interrogation area (the frames were split into a num-
ber of interrogation areas of size 64 x 64 pixels, which were
then individually cross-correlated with the previous frame
to obtain displacement vectors). MATLAB (v.R2017b, Math-
Works) was then used to plot the flow velocities.

V. RESULTS

General concept of the experiments: In all the experiments
we used a tabletop experimental setup, which consisted of a
sample cell with two electrodes, a source of a high voltage
DC signal, and a digital microscope for viewing either parallel
or perpendicular to the direction of the applied E field. A
schematic illustrating part of the experimental setup is shown
in Figs. 1(a) and 1(b). Application of a DC E field results
in a compressive electric stress that acts on particle-covered
droplet deforming it. When the droplet deforms, its surface
area increases leading to unjamming of particles in a shell.
This, in turn, enables the induction of the EHD flows. In our
system, these flows convect particles away from the droplet’s
electric pole, forming a particle-free area there. The convected
particles pack densely within the particle shell. When the E-
field strength is increased, the droplet deforms more, allowing
the particle-free area to grow in size and the EHD flows to
strengthen as presented in Fig. 1(c).

A. Influence of particle coverage on the droplet deformation
and emergence of its hysteresis

We began our research with studying the influence of
particle coverage on the magnitude of steady-state droplet
deformation at different strengths of an E field. We pre-
pared seven silicone oil droplets (~4 mm) covered by the
PE particles (~50 um), each droplet with different particle
coverage. We also used a particle-free droplet as a reference.
Initially, in the absence of the E field, the droplets were

spherical. Application of the E field induced electric stress
on the droplets and resulted in their deformation, i.e., all
droplets developed an oblate shape. The strength of the E field
was increased stepwise from 0V mm~! to 285 Vmm~! and
then decreased in the same manner to 0 Vmm™'. At each
step, the E-field strength was increased by 15V mm~' and
maintained until a steady state (droplet’s deformation and par-
ticle arrangement) was observed. The difference in the droplet
deformation can be easily observed qualitatively, especially at
strong E fields, for example, at 285 Vmm~! as presented in
Fig. 2(a). The droplets with higher particle coverage deform
more. In Figs. 2(b)-2(d), we present the quantitative data from
the experiments, which reveal the nonobvious behavior of
particle-covered droplets.

In Fig. 2(b), the magnitude of droplet deformation is plot-
ted against the square of the E-field strength. As expected, the
magnitude of the deformation of the pure silicone oil droplet
scales as E? at weak E fields (up to around 15kV? mm™2))
and follows Taylor’s theory [39,54]. At stronger E fields, the
curve becomes nonlinear and bends downward. The reason
for this nonlinearity is the surface-charge convection (not
included in Taylor’s theory) due to the EHD liquid flows
making it more difficult to deform the droplet into more
oblate shape as explained and experimentally presented in
Refs. [40-42,55]. The curve for the pure silicone oil droplet is
entirely retraceable when the E field is decreased back to zero,
i.e., the data points (¢) overlap when sweeping the E field up
and down.

A different situation is observed for the droplet covered
with particles. The magnitude of the deformation is not re-
traceable (i.e., there are different values of the deformation
depending on the direction of change of the E-field strength)
and the curves form a hysteresis loop (will come back to
that later). In addition, the magnitude of droplet deformation
is sensitive to particle coverage. In general, the deformation
is greater with the increased particle coverage. In Fig. 2(c),
we plot the deformations measured at the strongest E field
used in the experiment (285V mm~!) versus the particle
coverage (¢). It can be seen that the magnitude of the de-
formation does not change much for the droplets with low
particle coverage but increases sharply at higher particle
coverages.

There are possibly two reasons for this: (i) As more of the
droplet’s surface is covered by particles, the charge convection
may be depleted due to the reduced strength of EHD flows
leading to accumulation of a larger amount of free charges on
the droplet’s surface. This, in turn, results in stronger electrical
stress acting on the droplet. In addition, (ii) the effective
electrical conductivity of the droplet interface may decrease
(because the PE particles are several orders of magnitude less
conductive than silicone oil [44]), leading to the greater elec-
trical contrast between the particle-covered silicone oil droplet
and castor oil and, thus, enhancing the compressive electric
stress acting on the droplet. We conducted experiments and
performed calculations to confront the above statements.

In Fig. 3, we present the results of PIV experiments per-
formed on a silicone oil droplet with PE particle particles
(~50 um) at different particle coverages subjected to a DC
E field of 170 V mm™'. The results from the PIV experiments
confirm that the induced EHD flows at droplet interfaces are
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FIG. 2. (a) Silicone oil droplets with different particle coverages (¢) subjected to E-field strength of 285V mm™'. The diameter of each
droplet is ~4 mm, and the size of the PE particles is ~50 um. (b) Steady-state deformation of droplets plotted as a function of the square of
the applied DC E field. The E field was increased stepwise from 0 to 285 V mm~! and then decreased stepwise to 0 V mm~!. The black arrows
represent the E-field sweep direction. (c) The magnitude of the droplet deformation and (d) the hysteresis area of the droplet deformation at
E =285V mm~! plotted as a function of particle coverage.

indeed greatly reduced by adding surface particles. When  flow velocity decreased from around 130 to nearly 0 ums~!,
the particle coverage was increased from 0.25 to around 0.9 verifying that the straining flows surrounding a silicone oil
(droplet nearly fully covered by particles), the maximum EHD  droplet in castor oil are suppressed when the droplet is fully
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FIG. 3. (a)—(c) PIV images and (d)—(f) corresponding pictures of silicone oil droplets (diameter ~2mm) covered with PE particles
(size ~50 um). The droplets were formed in a dispersion of tracer particles (~35 um) in castor oil and subjected to an E-field strength of
170 Vmm~! (in the horizontal direction) yielding steady-state droplet deformations. The asymmetry of the flow fields in (a) and (b) was
caused by a slow droplet sedimentation causing slightly nonuniform particle distribution (more particles on the top of a droplet). The particle
coverage was (a) and (d) ~0.25, (b) and (e) ~0.55, and (c) and (f) ~0.9.
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FIG. 4. (a) The electrical conductivity ratio (R) plotted as function of the particle coverage (¢). (b) The magnitude of the droplet
deformation (D) plotted as a function of droplets’ particle coverage. The solid line is obtained by using the Melcher-Taylor equation in
which the trigonometric dependency for the effective electrical conductivity [see panel (a)] is included.

covered by the particles. This leads to the buildup of a greater
number of charges at the droplet’s interface, which, in turn,
deforms the droplet more.

We will now estimate the change in the effective conduc-
tivity of the particle covered droplet and examine its effect
on the magnitude of droplet’s deformation. We recall that the
EHD flows convect the particles towards the electric equator.
Thus, by adding particles to the droplet’s interface, the particle
shell widens towards the droplet’s electric pole. The contri-
bution of the particles’ conductivity to the effective electric
conductivity of the droplet’s interface is practically zero for
those particles residing at the droplet’s electric equator. We
know that the surface charge density distribution on a droplet
scales as cos(f) [55], where 6 is the angle measured from
the zenith direction. Therefore, the particles nearest to the
droplet’s electric pole should contribute the most to the change
in the effective conductivity. We, thus, attempt to represent the
effective conductivity by the cosine function,

7
Oefi (@) = 05108 (C15<ﬂ)a ()

where the prefactor C; = 0.9999 is introduced to obtain the
finite value of the conductivity when ¢ = 1, which is here the
conductivity of PE particles. For simplicity, we assumed that
¢ scales linearly with 6, and 6 is in the range of 0—90° for ¢
in the range of 0—1. The calculated values of the conductivity
ratio (R), using Eq. (2), are plotted in Fig. 4(a). Taking into
account this trigonometric dependency in the Melcher-Taylor
equation [Eq. (1)], we calculated values of D(¢) and plotted
them in Fig. 4(b) (see the solid black curve).

The theoretical results capture the upward bending trend
with the particle coverage. Although, the magnitude of defor-
mation is overestimated for ¢ values in the low range. This is
what we expected: The Melcher-Taylor model does not take
into account straining flows present at low particle coverage.
The straining EHD flows affect the deformation by reducing
its magnitude. As presented in Ref. [40] (see Fig. 7), the mag-
nitude of droplet’s deformation can be reduced by around 30%
compared to that estimated from the Melcher-Taylor model. In
our case the value of the droplet’s deformation is smaller by
around 40% compared to the calculated valued. The reason for
this could be the experimental procedure in which the droplet
is docked into the washer. As mentioned before, docking the

droplet into the washer results in reduced magnitude of defor-
mation by up to 15%. As the particle coverage increases, the
difference between the experimental and the theoretical points
decreases, and at high ¢ values, the magnitude of deformation
is underestimated. This is because the Melcher-Taylor theory
does not represent well such large deformations. In addition,
the presence of surface particles may influence the surface
tension. Ouriemi and Vlahovska [22] showed that the surface
tension can be significantly reduced by adding particles to
the droplet’s interface, which resulted in the increased mag-
nitude of the deformation. Overall, the tendency illustrated
in Fig. 4(b) confirms the above stated hypothesis that the
decreased effective electrical conductivity of the droplet in-
terface enhances the compressive electric stress acting on the
droplet. However, nontrivial numerical calculations would be
needed to better represent the experimental data.

We also observed the emergence of the hysteresis loops as
the particle coverage was increased [see Fig. 2(d)]. The hys-
teresis loop area does not change much for the droplets with
low particle coverage. However, above coverage of around
0.65 the increase is sharp. The hysteresis loop is an indication
of the energy dissipation. In the studied system, the energy can
be dissipated through heat and viscous drag. The decoupling
of these contributions and the estimation of the amounts of
energy loss from the heat dissipation and the viscous drag is
nontrivial and is beyond the scope of this paper. Nevertheless,
we note that during the droplet compression and recovery, the
particles relocate separately or through particle gliding and ro-
tate dissipating the energy. In addition, (as it will be presented
in the section Jamming of a particle shell) shells composed of
smaller particles (5 um or smaller) undergo fracturing, which
indicates that they form cohesive films, which may affect
droplet’s deformation and relaxation. We, therefore, decided
to study this more closely by investigating the role of particle
size on droplet deformation and relaxation.

B. Influence of particle size on droplet deformation
and recovery of a particle shell

We performed an experiment with five silicone oil droplets
(~4 mm), each covered with different sizes of PE particles
(from 3 to 100 pm). In the experiment, the E field was swept
0 <270 Vmm™' in the same manner as in the previous
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FIG. 5. Effect of the particle size on the hysteresis area of droplet
deformation: Five silicone oil droplets (~4 mm), each covered with
different sizes of PE particles (from 3 to 100 wm) subjected to
E fields. The magnitude of steady-state deformation of the droplet
plotted against the square of the E field that was increased stepwise
from 0 to 270 Vmm™' and then decreased stepwise to 0 Vmm™'.
The inset plot shows the estimated hysteresis area plotted against the
particle size. The data reveal the threshold of particle size (30 wm),
below which the hysteresis area grows due to the presence of residual
deformation of a particle-covered droplet (when the E field is turned

off).

experiment. The results presented in Fig. 5 show that the
magnitude of droplet deformation is consistently lower for
the droplet covered with the smaller particles at all E-field
strengths.

This result was surprising for us—we expected the oppo-
site trend, i.e., the magnitude of droplet deformation to be
consistently lower for droplets covered with the bigger parti-
cles. We initially assumed that the tangential component of the
electric stress (everywhere on the droplet’s interface, except
the droplet’s electric pole and equator, the electric force acting
on accumulated free charges has two components: normal
and tangential) should be balanced by the bending stiffness
of the elastic particle shell that would deform out of plane.
In such a case, shells made of particles with larger diameter
(d) should withstand greater electric stress as the bending
stiffness (B) of a particle monolayer formed on liquid-liquid
or liquid-air interface scales as B ~ d? [48,56]. However,
after taking a closer look on what was happening with par-
ticles at the droplet’s electric pole (we viewed the droplet
subjected to E fields with a direction along the E field), we
understood that particle interlocking and/or rearranging had to
play an important role. Particle shells made of small particles
are typically more cohesive comparing to a shell formed of
larger particles. Thus, it should be more difficult to rearrange
particles during the compression and, hence, more difficult to
deform the droplet covered by smaller particles.

The increased magnitude of the deformation for larger par-
ticles may also have an electric origin. Therefore, we decided
to perform calculations and estimate the contribution of the
particle size to the change in the electrical conductivity of

the droplet’s interface and, thus, to the magnitude of droplet
deformation. The heterogeneous electrical characteristics of
the particle-covered droplet, such as particle shell’s electrical
conductivity and electrical conductivity of the droplet can be
replaced by the equivalent homogeneous electrical conductiv-
ity o.q using the expression [57,58],

2(1 = B)ope + (1 + 2B)ogi
(2 4+ B)ope + (1 — B)osii

J\?
,3=(1—2)» 3)

where, d is the polyethylene particle diameter and a is the
radius of the droplet.

According to Eq. (3), the conductivity ratio (R = 0cq/0cas)
decreases with the particle diameter as illustrated in Fig. 6(a).
In Fig. 6(b), we plot the droplet deformation (subjected to
the E-field strength of 270 Vmm™!) as a function of particle
radius plotted using Melcher-Taylor’s equation [Eq. (1)] with
the conductivity ratio. Although the deformation increases
with the increase in particle radius, the calculated difference in
the magnitude of deformations due to the particle size is much
smaller than that observed experimentally (Fig. 5). Thus, the
mechanical properties of the particle shell seem to dominate
over the electric contribution or a different model has to be
used than the membrane model [Eq. (3)].

As can be observed in Fig. 5, the strain-stress curve is not
a complete hysteresis loop for the droplet covered with the
smallest particles (3 and 18 pm). In the inset of Fig. 5, we
plot the hysteresis area against the particle size. From that plot
we learn that there is a particle size threshold below which, the
hysteresis area grows due to the presence of residual deforma-
tion of a particle-covered droplet (when the E field is turned
off). For better comprehension of the origin of this behavior,
we performed experiments in which we studied the effect of
different E-field strengths and particle sizes on a droplet’s
deformation. Four droplets, each covered with particles of dif-
ferent average size ranging from 3 to 100 um, were subjected
to six E-field cycles, each cycle with a different maximum
field strength.

In Figs. 7(a) and 7(b), we plotted the magnitude of droplet
deformation against the square of the applied E field for two
(out of four) droplets with shells composed of 100- and 3-um
PE particles, respectively. As expected, the hysteresis area
increased with the increase of the E-field strength—the more
work performed on the particle-covered droplet, the more
energy is dissipated. However, when sweeping the E field
down to zero the curves did not come back to their original
points. This is particularly apparent for the droplet covered
with the smallest particles [see Fig. 7(b)]. It turns out that the
magnitude of the residual deformation (AD = d, — d;, where
d; and d; are the shapes of the initial droplet before application
of the FE field and the relaxed droplet after the sweeping cycle,
respectively) depends on both the maximum E-field strength
and the particle size. In Fig. 7(c), we plotted the residual
deformation (A D) against the maximum strength of the E field
applied during the sweeping. The results demonstrate that the
magnitude of AD generally increases continuously with the
increase in the maximum strength of the FE field. The data for
the three droplets for which we see the residual deformation is

Oeq = OPE

s
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FIG. 6. (a) The electrical conductivity ratio (R) plotted as function of the particle diameter (d). The equivalent conductivity of the particles
shell changes with the thickness of the film as expressed by Eq. (3). (b) The magnitude of the droplet deformation (D) is plotted as a function
of the particle diameter (d). The inset figures in both panels are the log-log plots.

also presented in a log-log plot of AD versus D [see Fig. 7(d)].
The plot reveals that AD is ultimately proportional to D (the
slope of 1 is included for a reference) within the used strengths
of the E field. In addition, AD increases with the decrease in
the particle size. This may indicate that the particles within the
shell undergo structural changes and jam before the droplet
fully relaxes. When lowering the E-field strength, the particles
move on the curved surface back towards the droplet’s elec-
tric pole. To be able to accommodate the particles and pack
them densely, they need to move and rearrange without any
restrictions. Otherwise, the particles jam and form an arrested

shell, preventing the droplet from returning to its spherical
shape. We decided to further study the jamming of particles
by viewing the droplet along the E-field direction.

C. Jamming of a particle shell

In Fig. 8, we present the results of an experiment on three
droplets covered with PE particles of different sizes (diameter
3, 18, and 100 pwm). The droplets (viewed along the E-field
direction through transparent ITO electrodes) were subjected
to E =180 Vmm™' for around 1 min and after that the E
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FIG. 7. Effect of the E field on the hysteresis area of droplet deformation: Droplets of diameter ~4 mm fully covered by PE particles with
different particle sizes (a) ~100 um and (b) ~3 m were subjected to different E-field strengths for six cycles. (c) Residual deformation (AD)
of the four particle-covered droplets plotted against the maximum E-field strength. (d) A log-log plot of AD versus D for the three droplets
(covered with particles in the size range of 3-50 pm) for which the residual deformation is observed.
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FIG. 8. Opening and closing of PE particle shells made of (a) 100 um, (b) 18 um, and (c) 3 um. Initially at # = O s, the particle shells
were spherical in shape. Application of the E field of strength 180 Vmm™"! (up to t = 73 s) resulted in (a) and (b) liquifying and (c) fracturing
of a particle shell leading to formation of a hole at the droplet’s electric pole. After the E field was turned off, the droplet relaxed back and
opening area at pole decreased by around 75%, 50%, and 25% for the shells made of 100-, 18-, and 3-um PE particles, respectively.

field was turned off enabling droplets to relax. As shown
in Figs. 8(a) and 8(b), the application of the E field to the
droplets covered with 100- and 18-um PE particles resulted
in formation of a small opening at the electric pole of each
droplet. The particles separated very easily from one another,
and the particle layer liquified. The openings had circular
shapes without any fracturing features. After switching off the
E field, the droplets relaxed returning nearly to the spherical
shapes. The size of the opening was reduced by around 75%

and 50% for the shells made of 100- and 18-pm PE particles,
respectively. The behavior of the shell composed of the small-
est PE particles was different. Unlike the two other shells, the
shell made of 3-um PE particles fractured during the droplet
compressive deformation [see Fig. 8(c)]. A small hole was
formed in the particle shell that recovered very little (around
25%) after turning off the E field, leaving unhealed cracks.
The reason for this could be the increased cohesive force be-
tween the particles (which is inversely proportional to particle

FIG. 9. Opening and closing of clay mineral particle shell under different E-field strengths. The camera view is along the direction of the
applied E field. The droplet is subjected to an E-field strength of (a) 150 Vmm™', (c) 180 Vmm™', (¢) 210 V. mm™', and in panels (b), (d), and
(f) the E field is turned off, respectively. See also the corresponding Movie S1 in the Supplemental Material [52].
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size [59]) that prevents the individual particle’s rearrangement
during the droplet relaxation and/or the increase in packing
density of particles forming the shell. We know from our
previous experiments that clay mineral particles suspended
in oils form cohesive films [52]. Therefore, we decided to
perform an additional experiment in which we formed a clay
mineral particles shell on a silicone oil droplet to compare its
behavior with that of the PE particle shells.

In Fig. 9, we present the results of an experiment on a
droplet covered with Li fluorohectorite clay mineral particles
(average size ~5 um) subjected to different E-field strengths
(150-210 Vmm™"). Typically, clay mineral particles adhere
to each other strongly when suspended in oil due to the
presence of small amounts of water (in the clay). Therefore,
they form an elastic membrane that fractures under the load
unlike a sheet made of noncohesive particles that liquefies
under the load [60]. When a weak E field (150 Vmm™!) was
applied, the clay particle shell fractured as shown in Fig. 9(a).
The fracturing is similar to that observed for the shell made
of the smallest (3- um) PE particles presented in Fig. 8(c). At
stronger E fields (180-210 V mm™'), the EHD flows ripped
off small fragments of clay particle clusters and redistributed
them within the droplet’s surface and a nearly spherical
opening was formed on the droplet’s electric pole with a size
depending on the strength of the E field (see Figs. 9(c) and 9(e)
and Supplemental Material [52] Movie S1). After turning off
the E field the particle-covered droplet relaxed. However, the
droplet did not return to the initial spherical shape. Similar to
the experiments with small PE particles [Figs. 7(b) and 8(c)],
the clay mineral particles jammed and formed an arrested
shell, leaving the hole in the particle shell. The size of the hole
depended on the magnitude of the E field, i.e., the stronger
the applied E fields, the larger the remaining hole in the shell
after E field removal. The high cohesiveness between particles
inhibits particle relocation when the droplet with the particle
shell relaxes after turning off the E field. This, in turn, leads
to particle jamming before the opening in the shell is healed.

VI. CONCLUSIONS

We used E fields to study the behavior of both a particle-
covered droplet and a particle shell under compressive stress.
Unlike the mechanical approaches (e.g., using a micropipette
or a micromanipulator [61,62]), the E-field methods enable
contactless application of stress and measurement of droplet
deformation simultaneously with the examination of mechan-
ical properties of the particle shell. We wondered how the
particle coverage and the particle size as well as the strength of
the E field influenced the magnitude of the droplet deforma-
tion. The experimental results indicate that adding particles
to a droplet interface drastically changes the magnitude of
the droplet deformation. With the PIV experiments we have
shown that the straining flows were suppressed by the addition
of particles to the droplet’s surface, which, in turn, enabled
for generation of greater electric stress acting on the droplet.
We also performed theoretical calculations to capture the up-
ward bending trend of the magnitude of droplet deformation
as a function of the particle coverage. Our experimental re-
sults on the particle coverage dependency of the magnitude
of deformation differ from those presented by Ouriemi and

Vlahovska [22]. The researchers observed that the magnitude
of the droplet deformation becomes less sensitive to the par-
ticle coverage at high coverages. This is not the case here,
i.e., the magnitude of deformation clearly increases with the
particle coverage until the droplet is entirely covered. Perhaps,
the difference in the observations originates from the fact
that Ouriemi and Vlahovska studied deformation of droplets
unattached to any surface and the measurements were per-
formed in the narrower range of E-field strengths. This would
require further investigations.

We also found that the magnitude of the deformation is
not retraceable during the electric-field sweeping, i.e., the
strain-stress curves form a hysteresis loop with the area
increasing with the increase in the E-field strength. We
observed that during the droplet compression and recovery,
the particles relocate separately or through particle gliding
and rotate dissipating the energy. The particle rotation and
gliding were documented as contributing to the friction by
Mikkelsen et al. [27]. In addition, shells composed of small
particles fractured during the droplet compression, indicating
that they form cohesive films, which greatly affected droplet’s
deformation and relaxation.

The smallest particles were more prone to jamming and
formed arrested shells on relaxed droplets. Stable nonspher-
ical droplets and bubbles created by the interfacial jamming
of arrested shells have been studied by other researchers
[12,29,63]. However, in many studies the jammed state was
achieved by increasing the particle concentration (by addition
of particles to the interface or coalescing particle-covered
droplets). Here, the jamming occurs due to the change in
the particle arrangement, whereas the particle concentration
remains unchanged. We believe, that the electric method
demonstrated here can be used as a noncontact indenter to
study and understand the stability of curved colloidal or gran-
ular crystals and amorphous particle shells under load [64].

The results of our studies are important for developing an
understanding of the mechanics and rheology of monolayered
colloidal and granular shells formed on droplets (or other
curved interfaces) and the surface particle organization as
well as the behavior of particle-covered droplets probed by
induced stress. We demonstrated that E-field-induced droplet
deformation was accompanied by structural and morpholog-
ical changes in the particle shell. This can be exploited in
multiple ways, for example, to form and study buckled ar-
mored droplets and plastic rearrangements of the particle shell
as well as to investigate fracturing of cohesive films on curved
surfaces.

The results of our research go beyond the academic sphere
and have practical relevance. For example, a particle-covered
droplet can be used as a miniaturized optical diaphragm with
an adjustable aperture [46]. Controlling reliably the light pas-
sage through such a diaphragm requires the knowledge on
mechanical properties of a particle shell that opens and closes
via application of an E field. With the results presented here,
we can now better design such a responsive optical element.

To further extend the research presented here, we suggest
the future experimental studies to investigate the influence of
particle properties (e.g., electrical conductivity and particle
packing) on the stability and mechanics of particle shells
under E fields.
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FIG. S1. Influence of the washer on the droplet’s deformation: Pure droplet and 50-um PE particle-covered droplet
(diameter of around 3.5 mm) subjected to E-field strength of 180 V mm™. The droplets’ deformation was studied at
different distance in respect to the electrode (being a wall of the sample cell). Two sample cells were used: with and
without a washer attached to the electrode. It can be seen that the presence of the washer influenced only slightly (by
less than 15%) the magnitude of droplets’ deformation.
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FIG. S2. Experimental setup to estimate flowlines around the droplet: The experimental setup consisted of a sample
cell, a digital microscope to view flowlines around the droplet (perpendicular to the direction of the electric field), a
532-nm laser light (COM-09906-5mW laser, purchased from SparkFun Electronics), a lens for generating a 500-pum thin
laser line by fanning out one-dimensional collimated beam. The laser sheet was aligned in the middle of the droplet and
the droplet was placed in the centre of the sample cell.
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Electrically insulating objects immersed in a weakly conducting liquid may Quincke rotate when
subjected to an electric field. Experimental and theoretical investigations of this type of electrorotation
typically concern rigid particles and particle-free droplets. This work provides the basic features of
electric field-induced rotation of particle-covered droplets that expand the current knowledge in this
area. Compared to pure droplets, we show that adding particles to the droplet interface considerably
changes the parameters of electrorotation. We study in detail deformation magnitude (D), orientation
() and rotation rate (w) of a droplet subjected to a DC E-field. Our experimental results reveal that both
the critical electric field (for electrorotation) and the rotational rate depend on droplet size, particle shell
morphology (smooth vs. brush-like), and composition (loose vs. locked particles). We also demonstrate
the importance of the electrical parameters of the surface particles by comparing the behavior of
droplets covered by (insulating) polymeric particles and droplets covered by (non-ohmic) clay mineral
particles. The knowledge acquired from the electrorotation experiments is directly translated into
practical applications: (i) to form arrested droplets with shells of different permeability; (ii) to study solid-
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1 Introduction

Electric fields (E-fields) can rotate objects suspended in a liquid.
There are several different mechanisms for electro-rotation, and
these may employ either static or rotating E-fields.' ® This work
concerns rotation of particle-covered droplets that are subjected
to a static and uniform E-field. The electrorotation studied here
is similar to that described more than a century ago by Weiler
and Quincke who observed rotation of electrically insulating
particles immersed in a weakly conductive liquid.”®

In short, in the presence of an E-field, free charges (existing in
the liquid in which a particle is immersed) accumulate at the
surface of a particle and a dipole moment is induced. The
direction of this electric dipole (with respect to the direction of
the E-field) depends on the electrical properties of both the particle
and the liquid, namely the dielectric constant (¢) and electrical
conductivity (o). More specifically, if the charge relaxation time of
the particle (r, = ¢p/op,) is longer than that of the surrounding
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liquid (7; = &/0y), the induced dipole is opposite to the E-field
direction. At large enough E-field strength, this configuration
becomes unstable and the particle starts rotating in order to flip
the direction of the induced dipole. The rotation is sustained if the
particle’s surface is continuously re-charged by the exterior fluid.
Many experimental and theoretical studies have been conducted
on this type of electrorotation (often referred to as Quincke rota-
tion). Initially, the majority of the studies concerned rigid particles.
The theory on the rotation frequency of Quincke rotating particles
was thus established a long time ago and has since been further
developed.”™ The influence of particle shape, size and electrical
properties on the rotation rate and critical E-field (at which the
rotation of solid particle begins) is now well described."***
Meanwhile, several experimental and theoretical studies
were performed on electrorotation of droplets.">'® Unlike
viscous droplets that deform very little, deformable droplets
behave differently than rigid particles when subjected to
E-fields."® Because of the droplets’ ability to deform and the
existence of interfacial flow (not present in the case of a rigid
body), their dynamics and electrorotation parameters differ
from those of the rigid particles.”® For example, the value of
the critical E-field (for electrorotation) is typically much higher
for droplets compared to that found for particles of the same
size and electrical properties.”" Unlike a rigid particle, a rotating
droplet may also tumble or undergo deformation while rotating

Soft Matter, 2021,17, 4413-4425 | 4413
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(depending on its viscosity).”> Theoretical descriptions of the
electrorotation of particle-free droplets are challenging and often
require numerical calculations.’”**> Despite the challenges,
this two-phase liquid-liquid system has been well characterized.
Much less is known about the electrorotation of droplets covered
with particles, and the literature on this system is limited.
Adding particles to the surface of a droplet may significantly
change the droplet’s behavior and characteristics in E-fields,
that is, it may alter the droplet’s rheological and mechanical
responses.”®”” A particle monolayer formed on the droplet’s
surface may affect the electrical properties of the droplet, and
thus enhance or reduce the deformation magnitude of the
droplet. Furthermore, the addition of particles suppresses
electrohydrodynamic flows by immobilizing the droplet inter-
face and therefore reducing charge convection.?® Ouriemi and
Vlahovska®*?® performed several experiments on particle-
covered droplets and provided new insight into this research
area and raised questions, for example on the role of important
parameters (such as droplet size, particle type, and particle
shell morphology and composition) affecting the electrorota-
tion of particle-covered droplets or the fluid—solid transition of
rotating particle shells. We address many of these questions in
this work, and also go a step further by demonstrating new
applications of electrorotation of particle-covered droplets.
There are several applications of Quincke rotating particles.
It has been demonstrated that electrorotation of particles can
change properties of that suspension, for example by lowering
its effective viscosity or increasing electrical conductivity.*"*>
Individual Quincke rotating particles are also used as rotors,
motors, and micropumps,**° whereas large populations of
electrorotating particles can self-organize into large-scale
assemblies.®® Particle rotation can also be used as a model
system for studying, for example, collective swarming motion

Signal generator i

(b)

to

Fig. 1
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and active matter.’”°

Nevertheless, just a few examples of
applications of particle-covered droplets have been presented
so far. These include studies on counter-rotating pairs of
Pickering droplets and cooperative hydrodynamic propulsion
of deformable rotors.*® In this work, we demonstrate new uses
of electrorotating droplets with particle shells, including their

practical application.

2 Materials and methods

2.1. Experimental set-up

The experimental set-up consisted of a signal generator (SDG1025,
SIGLENT Technologies), a high-voltage amplifier (20HVA24-BP1,
HVP), a digital microscope (AM7315MZT, Dino-Lite) for viewing
perpendicular to the direction of the applied E-field, a light source
(KL 300 LED, Schott AG), a computer for collecting images and
recording videos, and an optical glass cuvette (18 mm x 10 mm X
30 mm) used as a sample cell with two copper plates that
constituted electrodes (with a gap of 15.4 mm). The sample
cell was placed on a mechanical XYZ translation stage to ease
its positioning relative to the optical path of the microscope.
A schematic figure illustrating part of the experimental set-up is
shown in Fig. 1a.

2.2. Materials

Castor oil (MA-220-1, density of ~0.96 g cm™? at 25 °C, electrical
conductivity of ~50-100 pS m™’, relative permittivity ~4.7 and
kinematic viscosity of ~750 cSt at 25 °C) was purchased from
Mareo, Poland. The oil has similar properties to the oil we
previously used in our laboratory, that is, the castor oil purchased
from Sigma-Aldrich (83912). Silicone oils (Rhodorsil Oils 47, with
different viscosities in range 50-10000 cSt at 25 °C, density 0.96—
0.97 g ecm ™ at 25 °C, electrical conductivity of ~5-10 pSm™*, and

Electrical cables
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i 7
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PC for recording movies

: —
’ B
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(a) Schematic figure illustrating part of the experimental set-up. (b) A schematic illustrating the electric field-induced rotation of a particle-

covered droplet. Application of an electric field (E;) to the initially spherical droplet (t,) results in its compressive deformation due to electric stress. After
application of a stronger electric field (E,), the droplet rotates with a rotation rate (w).
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relative permittivity ~ 2.8) were purchased from VWR Chemicals,
USA. Castor oil and silicone oil are immiscible with an interfacial
tension between them ~4.5 mN m™ ", Polystyrene particles (PS, with
a diameter of ~10 pm and ~40 pm and density of ~1.05 g cm ™ °)
were bought from Microbeads AS, Norway. The surface of PS
particles was modified as described in ref. 41 to change the three-
phase contact angle and increase their affinity towards silicone oil
so that the particles attach strongly to the oil-oil interface (as in the
case of the PE particles). For the surface modification, the ratio of
acrylate polymer surface modifier (FluoroPEL PFC 502AFA, Cyto-
nix, USA) to methoxy-nonafluorobutane solvent was 1:300. The
modified PS particles had density ~1 g cm™>, electrical con-
ductivity <10™"" S m™, and relative permittivity ~2.6. Clay
mineral particles (Li-fluorohectorite, a synthetic 2:1 clay) were
received from Prof. J.O. Fossum (NTNU, Trondheim, Norway).
Similar clay particles were partially characterized in work.** They
were polydisperse in size, from hundreds of nm to 10 pm,
density of ~2.5 g cm™?, electric conductivity ~107® S m™" and
dielectric constant ~6. Polyethylene particles (PE, red coloured
and cyan coloured, size of ~50 pm and density of ~0.98 g cm >,
and blue coloured, size of ~50 um, and cyan coloured, size of
~30 pm, all with a density of ~1 g cm™?, electrical conductivity
<107 S m™ ", and relative permittivity ~2.1) were purchased
from Cospheric LLC, USA.

2.3. Formation of particle-covered droplets

We used an E-field approach (see ref. 43) to form a monolayer
particle shell on the surface of a silicone oil droplet. Initially, a
silicone oil dispersion of particles was prepared where the
particle concentration was adjusted to form a particle-covered
droplet of a certain size. A droplet with particles was formed
(using a regular mechanical pipette) in a cuvette filled with
castor oil. Next, an E-field (~200 V mm ") was applied to guide
(by electrostatic force) the particles in the bulk liquid of the
dispersion droplet toward the droplet’s interface. The particles
at the droplet interface were irreversibly trapped by capillary
force, which in the case of microparticles is a few orders of
magnitude greater than the thermal energy.** As the particles
reached the surface of the droplet, they were carried toward the
electric equator of that droplet by E-field-induced liquid flows.
These flows moved particles within the droplet’s surface, made
them pack into a ribbon-like structure, which gradually
widened and eventually (after ~10 min) covered the droplet
surface. The shell particles were arranged in a packed and
nearly hexagonal structure. In the experiments with droplets
covered by PS particles, we added a small amount (a few
particles) of coloured PE particles to make it easier to track
the particle position and estimate the rotation rate.

We also prepared a droplet covered with a Janus particle
shell, ie., a heterogeneous shell composed of two different
particle types (red and blue PE particles). Firstly, we formed two
droplets partially covered with particles (around 70% coverage),
one with red PE particles and the other one with blue PE
particles using the same procedure as described above. The
droplets were then mechanically brought into close proximity.
Subjected to a DC E-field (200 V mm™"), the droplets attracted

This journal is © The Royal Society of Chemistry 2021
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one to another and eventually coalesced forming a droplet with
a heterogeneous monolayer shell comprising densely packed
particles. This particle-covered droplet was used in the experiment
on solid-to-liquid transition of a particle shell.

2.4. Experimental procedures

In our experiments on electrorotation of particle-covered droplets
(and pure silicone oil droplets, as well as individual PE and PS
particles, used as the reference data), we varied the E-field
strength and droplet size, as well as the silicone oil viscosity,
and studied (i) changes of the deformation magnitude of droplets,
(ii) tilt angle, and (iii) rotation rate. The E-field was always applied
in the horizontal direction. At weak E-fields, a particle-covered
droplet deforms, and when stronger E-fields are applied the
deformed droplet starts rotating, as sketched in Fig. 1b. The
deformation is here defined as D = |(d; — d,)/(d; + d,)|, where
d; and d, are the droplet minor and major axes, respectively. The
tilt angle is measured between the major axis and the vertical
direction, ie., its value is zero when the major axis is normal to
the E-field direction.

In the experiments on electrorotation, the strength of the DC
E-field was increased stepwise (0-835 V. mm™ ') and each step
was maintained for at least 1 minute. The deformation magnitude
and rotation rate were calculated by averaging three data points
collected at each FE-field strength. The tilt angle values are
presented using a candlestick chart, which shows the dynamic
changes of the tilt values at each E-field strength. Red and blue
colours indicate the decrease and increase of the absolute value of
the tilt angle within one-minute measurement at a specific E-field
strength. The errors included in some plots were estimated using
standard deviation of the measurements. In several plots the error
bars are omitted for figure clarity. The fundamental studies were
followed by experiments demonstrating applications of the E-field
method. The details on experimental procedures of these experi-
ments are described in the paragraphs corresponding to the
presented data. We used graphical software GIMP (v. 2.10) and
Wondershare Filmora (v. 9.5) to edit collected pictures and
movies.

3 Results

3.1. Electrorotation of a particle-covered droplet -
fundamentals

A medium size droplet (diameter of ~1 mm) of silicone oil (50 cSt)
covered by PS particles (40 pm) was subjected to an E-field.
Initially, in the absence of the E-field, the droplet was spherical
with a shell composed of densely packed particles. Application of
weak E-fields (<225 V mm™ ") resulted in compressive deforma-
tion of the droplet, ie., the droplet deformed to an oblate shape
(see images in Fig. 2a). At the time scale of the experiments
conducted at weak fields (~1 min) we did not observe rotational
motion of the droplet. Slow rotation of the particle-covered droplet
was observed above 225 V. mm ™%, and from ~265 V mm ' the
rotation rate increased nearly linearly with the increase of the
E-field strength. The images in Fig. 2a show qualitatively the
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Fig. 2 (a) Asilicone oil droplet (diameter of

~1mm) covered by 40 um PS particles and subjected to an E-field. The initially spherical droplet acquired an

oblate shape at weak E-fields (<225 V mm™). As the strength of the E-field is increased, the droplet tilts more and rotates. (b) The deformation
magnitude and the tilt angle plotted against the E-field strength. The absolute value of the tilt angle steadily increases with the increase of the E-field
strength, though the tilt angle changed its sign at £ = 265 V mm™. The value of the tilt angle also changed in time even at a fixed E-field strength, which
can be read from the candlestick chart. (c) The square of the rotation rate of the particle-covered droplet, a 40 um PS particle, and three particle-free

silicone oil droplets with different viscosities plotted as a function of the applied E-field squared.

deformation and orientation of the particle-covered droplet at
different E-field strengths.

The quantitative analysis is presented in Fig. 2b where we
plotted the magnitude of the droplet deformation and the tilt
angle versus the E-field strength. At weak E-fields (at which
droplet rotation was not observed), the magnitude of the
deformation grew slightly faster than the square of the E-field
strength (see Fig. S1 and the corresponding description for
more details, ESIT). However, as the droplet started tilting and
rotating, the magnitude of the deformation decreased locally
leaving a bump in the D vs. E plot. The peak of this local bump
is roughly in the place where the electrorotation of the droplet
was clearly observed. A similar observation was made for clean
droplets."” As the E-field was further increased, both the
magnitude of the deformation and the tilt angle steadily
increased. At the strongest E-fields, the droplet rotated very
fast (~4 rad s '), was stretched rather than being

4416 | Soft Matter, 2021,17, 4413-4425

compressively deformed. When the droplet deforms (while
subjected to the E-field) and its surface area increases, the
particle coverage decreases. We estimated (via image analysis)
that the particle coverage for the spherical droplet (before
application of the E-field) used in the experiment presented
in Fig. 2 is around 0.83. At the strongest E-field, the deforma-
tion magnitude of the droplet was around 0.24. At this geome-
try, the droplet surface area increased by around 6% compared to
the spherical geometry (deformation close to 0). With the
increased surface the particle coverage decreased to around
0.78. The particles then had more room to move, and the droplet’s
rotational motion resembled tank-treading by appearance.

In Fig. 2c, we plotted the square of the rotation rate against
the square of the E-field strength for the 1 mm PS particle-
covered droplet (blue left-pointing triangles). As a reference, we
also performed experiments on a single 40 pm PS particle and
pure silicone oil droplets of three different viscosities: 50, 350

This journal is © The Royal Society of Chemistry 2021
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and 10000 cSt. We chose to present the data in such a way
(w® vs. E®) to find the correlation with the E-field strength and
compare it with the classical description of rotating spherical
particle, where the rotation rate scales as:'"*°

2
o’ x E?/EQ’, and Eq® = 2§;§1((§j1§))—, andR = Z—II), S = %T’
where p is the viscosity, ¢ is the electrical conductivity, ¢ is the
permittivity, and ‘p’ and ‘I’ denote particle and suspending
liquid, respectively.

The data from the experiments on the particle-covered
droplet and the pure silicone oil droplet with the highest
viscosity almost overlap. This indicates that the particles forming
a shell contribute greatly to the viscous effects slowing down the
droplet rotation (by reducing the straining flows, see discussion
in Section 4.3) as compared with the pure droplet of the same
viscosity (that is 50 cSt). On the other hand, the presence of
particles on the droplet’s interface shifts the onset value of
E-field at which the rotation begins. In the case of pure oil
droplets, the charges that built up at the droplet interface are
convected away by the electrohydrodynamic (EHD) flows generated
by the E-field.>® The charge convection is generally greater for
droplets with lower viscosities, and therefore the onset value of
E-field increases (see Fig. 2c). The EHD flows vanish when
particles are added to the interface (see flow velocity maps in
our work in ref. 28). The electric stress on a particle-covered
droplet is therefore larger compared to that acting on the
pure oil droplet of the same size and viscosity (at the same E-
field strength) explaining why electrorotation of particle-covered
droplets initiates at weaker E-field strengths compared to pure
droplets (of the same viscosity).

Remarkably, the rotation rate of a particle-covered droplet is
nearly identical to that of a high-viscosity droplet, and very

0.22 mm
0.47 mm
0.75 mm

1.02 mm
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450 V-mm*

125 V-mm*
Fig. 3

View Article Online

Paper

different from a PS particle. This observation suggests that
there is a small change to the droplet’s electric properties with
the addition of particles. The difference between the critical
E-field for the viscous droplet and particle-covered droplet is
small and could be due to differences in deformation or a weak
straining flow. However, these differences disappear once rota-
tion sets in.

Moreover, we learned that the rotation data from the experi-
ment on the single PS particle looks the most linear (Fig. 2c).
The other curves look linear only at weak E-fields. At stronger
fields, the curves consistently bend downward. This may indicate
that the deformation of droplets (with or without particles)
affects the rotation rate. We decided to further investigate this,
and study droplets with different size, knowing that the droplet
deformation is proportional to its size.>*7°

To study the influence of droplet size on electrorotation we
prepared droplets with different diameters. We used silicone oil
with a viscosity of ~50 cSt and PS particles (same parameters
as in the previous experiments). Each droplet was subjected to
an E-field that was increased stepwise from 0 to 835 V. mm ™.
Each step was maintained for ~1 minute. In Fig. 3a we present
pictures of four particle-covered droplets at four different
E-field strengths. For the droplet dynamics see the corresponding
Movie S1 (ESIY).

Our experiments show that at the same E-field strength, the
smallest droplet deformed the least, whereas the largest droplet
deformed the most (Fig. 3b). It is not trivial to precisely predict
how the magnitude of deformation theoretically scales with the
E-field. That is because the droplet’s geometry changes from
oblate to nearly prolate, the surface area of the droplet
increases, and at the same time, the particle coverage changes
when E-field strength is increased. From the data presented in
Fig. 3b, we can see that D is roughly proportional to d-E> within
the studied range of E-field strengths, where d is the droplet
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—eo— 0.47 mm
—a—  0.22 mm
0.15 | .
Q
0.10 | s
005} il ; r;i:i:? ]
ISP E NS E T L o
,,;:!"!:.7.—$_§'§—'_i
0.00 | 1 1 1 1 1 1 1 1 ]
0 100 200 300 400 500 600 700 800

E (V-mm'l)

(a) Images of four PS particle-coated droplets subjected to different E-field strengths. See also the corresponding Movie S1 (ESIt). (b) The

magnitude of deformation is plotted against the E-field strength. D is roughly proportional to d-E2 within the studied range of E-field strengths, where d is
the droplet diameter. There is also a characteristic bump in each data set, and the peak of the bump proceeds the initiation of droplet rotation.
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Fig. 4 Rotation rate of particle-covered droplets with a diameter of (a) 0.22-0.72 mm and (b) 0.85-1.51 mm. (b) The rotation rate consistently
decreased and the curves deviated more from the linear trend (observed in panel (a)) with the increase of the droplet diameter. (c) Critical field (E.,) at
which the droplet started rotating plotted against the diameter of a droplet. The data series presented in panels (a and b) were also plotted in Fig. S2 (ESIT),
where the argument values for each data series were normalized by the corresponding value of E., taken from panel (c).

diameter. This phenomenon can be exploited for applications
as it will be demonstrated in Section 3.2 where particle rear-
rangement within the shell (by unjamming the particles) is
possible above a certain value of D. In Fig. 3b we also observe
the characteristic bump in all of the D vs. E plots. Similarly, to
the experiment presented in Fig. 2b, the peak of the bump
proceeds the initiation of droplet rotation. In Fig. 4a and b we
plot w® vs. E* for the all the studied droplets with PS particle
shells. We split the data into two plots for better clarity, and
also to highlight that the behavior of small droplets (below
0.8 mm) differs from that of larger droplets.

Interestingly, unlike the classical description of Quincke
rotation of rigid particles (see the equations for w and Eq on
the previous page), the rotation of the deformable particle-
covered droplets is size-dependent, i.e., both the rotation rate
and the critical E-field for rotation are size-dependent (see also
Fig. 4c). We therefore, use a different notation for the critical
E-field for the onset of the rotation in our system, E. Size-
dependency of the critical E-field was theoretically shown to
exist, for example, for insulating cylinder particles, and it
originated from ion diffusion and electro-migration in the
charge layer."' However, these phenomena prevail for small
rotating objects, at least one order of magnitude smaller than

4418 | Soft Matter, 2021,17, 4413-4425

particle-covered droplets used in this study. Here, in the three-
phase soft-matter system, the size-dependency of E, can originate
from droplet deformation (similar as for clean droplets).”® Larger
particle-covered droplets are easier to deform, and thus initiate
rotation at weaker E-fields. As shown in Fig. 4c, the E.(d) is
consistently decreasing with the droplet diameter (d).

To verify if the droplet deformation may cause E., shifting,
we performed an experiment using a droplet with a rigid shell
composed of sintered PS particles. The results are presented in
Fig. 5a and b. Subjected to an E-field the droplet rotated
without being deformed (see images in Fig. 5b). The critical
field for electrorotation was found to be around 360 V mm "
(the value is similar to that of an individual PS particle), far from the
E, of a deformable droplet of similar diameter (~ 1.39 mm) covered
by unsintered PS particles (which started rotating at ~250 V mm ™).

The experiment also shows that the rotation rate of the
droplet with a rigid PS particle shell is roughly linearly proportional
to the Efield strength. This is not the case for the deformable
droplet covered with unsintered particles. The data points corres-
ponding to the measurements of the deformable droplet band
downward. The deviation from the linear trend is consistently
greater for larger droplets, as presented in Fig. 4b. For example,
the rotation rate of 0.85 mm particle-covered droplet follows the

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Electrorotation of droplets with rigid and deformable shells composed of (a and b) PS particles and (c and d) PE particles. The rigid shells were made
by joining particles through heating using a microwave oven. Characteristic necks between sintered PS particles are shown in the zoomed image in panel
(b). During heating of the PE particle-covered droplet, hairy polymeric structures were formed sticking out of the shell, as presented in the zoomed image in
panel (d). The change of the morphology of the PE particle shell formed on an oil droplet affected its rotation rate (see also corresponding Movie S2, ESI¥).

linear trend up to around 3 x 10° V> mm 2, the 1.02 mm droplet
follows the trend to around 2 x 10° V> mm 2, whereas the rotation
rate of the largest droplet size of 1.51 mm is non-linear practically
for all E-field strengths.

The rotation rate is also affected by the morphology of
particle shells. In Fig. 5c and d we present the results from
the experiments on electrorotation of PE particle-covered droplets
with different morphologies of their shells. We prepared two
droplets (diameter of ~1.39 mm) both covered by PE particles
(50 pum). One of the droplets was heated in a microwave oven
(600 W) for several seconds to partially melt the PE particles. This
led to the fusing of the PE particles and the formation of a rigid
shell. During the heating, brush or hairy-like shell was formed
(see the zoomed image in Fig. 5d). The two particle-covered
droplets were then subjected to an E-field. The droplet with hairy
shell rotated significantly slower than the droplet with a smooth
shell. We expect this is due to the increase of the magnitude of
drag coefficient (see also the corresponding Movie S2, ESIt) and/
or due to the changes of the effective electric properties of the
particle shell. Kabir et al*® studied how the particle surface
morphology affected the drag force acting on a particle. They
measured the drag coefficient to be at least 20% higher for a hairy
particle compared to that of a smooth surface, which is aligned
with our anticipations. We observed that many hairs that initially
(before electrorotating) protruded almost perpendicular to the
particle shell were flattened due to the liquid drag as the droplet
started spinning faster when the E-field was increased (see an
analogous experiment with a tennis ball).*® This change in the
hair alignment should favor faster rotation of the shell. Indeed,
the measured rotation rate for the hairy PE shell (blue triangles in

This journal is © The Royal Society of Chemistry 2021

Fig. 5c¢) supports this (the rotation rate is accelerated with
increasing E-field strength). The heating of PE particles that led
to the formation of hairy structures could also affect the electric
properties of the shell. This will have to be investigated in more
detail.

Furthermore, the electrorotation of the particle-covered
droplet can be affected by the electrical nature of the particles.
To electrorotate an object immersed in a low conducting liquid
it is required that the rotor’s electrical conductivity (or dielectric
constant, see the equation for Maxwell-Wagner relaxation time)
is lower than that of the media fluid. An interesting situation
happens when a shell on a droplet is composed of non-ohmic
particles, i.e., having a non-linear relationship between the electric
current and the voltage. In Fig. 6, we present the results from an
experiment, in which a silicone oil droplet (~0.7 mm) was
covered by clay mineral particles. Subjected to an E-field of around
270 V. mm ' the droplet slowly rotated with a rotation rate of
around 0.2 rad s~ . The rotation rate was increased by increasing
the E-field strength up to around 300 V mm ‘. However, at
E ~ 330 V mm ' the clay particle-covered droplet stopped
rotating. The dipole moment of the droplet covered by the clay
film flipped at E > 330 V. mm . As a consequence, the E-field
acting on the droplet stretched it along the E-field direction (see
Fig. 6 and the corresponding Movie S3, ESIt).

3.2. Towards applications

In this section, we present examples of application of electro-
rotation of particle-covered droplets. In the first example, we
demonstrate that the electrorotation enables fabrication of
arrested droplets with different geometries and with shells

Soft Matter, 2021,17, 4413-4425 | 4419
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Fig. 6 A silicone oil droplet (50 cSt) covered by non-ohmic clay particles (Li-fluorohectorite). The droplet electrorotated in E-field range of around
270 to 330 V. mm™L. At stronger E-fields (e.g., 350 and 400 V mm™) the electric dipole induced on a droplet was flipped resulting in the droplet
electrostretching (see also the corresponding Movie S3, ESIt). E-Field was applied horizontally, and the positive signal was on the left side of the droplet.
The blue arrows indicate the direction of the electric stress acting on the droplet.
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Fig. 7 Electrorotation used for making arrested droplets of different shapes and particle shells with various porosity. The change in particle coverage
was estimated to be around 0.04 compared to the particle coverage of droplets before rotation. Droplets were covered by PE particles with a diameter

(top) ~50 pm and (bottom) ~ 30 pm.

having different porosity (or particle coverage). We prepared two
silicone oil droplets covered with polyethylene (PE) particles.
One droplet was initially spherical (Fig. 7a) and the other droplet
was aspherical (Fig. 7b) made by coalescing two droplets, as
shown in Fig. S3, (ESIt). To tune the shape of the droplets we
electrorotated them at strong E-fields (500 and 700 V mm ") for a
few seconds.

We know from fundamental studies that as a particle-covered
droplet rotates at strong E-field, it also stretches and allows the
particles in the shell to separate from one another. By turning off
the E-field, the droplet relaxes and reduces its surface area thus
forcing the particles to form a shell again. However, the particle-
covered droplets did not return to their initial shapes, and the
structure of their shells was more disordered and porous com-
pared to that of the initial shells (as shown in Fig. 7 and Movie
S4, ESIt). That happened because the particles did not have
sufficient time to find optimal arrangements when the surface
area decreased fast after switching off the E-field. We found that
the application of stronger E-fields (e.g., 700 V mm™ ') resulted in
formation of more elongated arrested droplets with more porous
particle shells. We estimated that the particle coverage decreased
by around 0.02 and around 0.04 when the droplets were
stretched and rotated at 500 and 700 V mm ', respectively
(compared to the particle coverage value of droplets before

4420 | Soft Matter, 2021,17, 4413-4425

electrorotation). The elongated droplets remained stable, ie.,
they did not change shape, and we did not observe particle
rearrangements.

In the next experiment, we demonstrate how electrorotation
can be utilized to mix particles and study solid to liquid transi-
tion of the particle layer. We performed an experiment on a
droplet (diameter around 3 mm) covered with a Janus shell made
of 50 um PE particles (red and blue), suspended in castor oil, and
subjected to different E-field strengths. Fig. 8 shows the time
development of a Janus shell subjected to a weak (200 V mm ™)
and strong (400 V. mm™ ') E-field. Subjected to the weak E-field,
the droplet with the Janus shell rotated almost as a solid sphere
being slightly deformed. The particles forming the shell were
practically jammed and, therefore, could not mix. After 5 minutes
and several rotations, the border separating the blue and red
particles is still intact; confirming that the particle layer acts as a
particle film. Subjected to the stronger E-field, the particle-covered
droplet deformation was large enough (D > 0.1) for the particle
film to liquefy. As seen in Fig. 8 (bottom raw), the particles started
to mix, and the border separating the two particle shells of different
colour split up. Eventually, after several minutes of electrorotation,
the particles were almost completely mixed.

To study the efficiency of electrorotation on particle mixing,
we used droplets (diameter ~2 mm) covered with a Janus shell

This journal is © The Royal Society of Chemistry 2021
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Fig. 8 A droplet with Janus shell in the weak E-field regime where it rotated as a solid shell with nearly jammed surface particles (top figures), and in the
strong E-field regime where it tank-treaded with a flowing particle layer (bottom figures). The droplet was made out of 50 cSt silicone oil and was
covered with 50 um PE particles (red and blue). The E-field was in the horizontal direction as indicated by the arrows.

made of 50 pm PE particles (red and cyan). E-Fields of 260, 450  stronger fields. This is because droplets subjected to strong
and 700 V mm ' were applied during the experiments (see also  E-fields deform more and thus make more space at the droplet
Movie S5, ESIt). Images of the droplets (Fig. 9a-c) were captured  surface for particles to rearrange, and the particles at the surface
as the droplets finished 3, 5, 10 and 40 revolutions (Rev). With move faster and may collide and pull on other particles. More-
this methodology, we could qualitatively compare the degree of over, we observed that the particle mixing depends on the
particle mixing. We found that the efficiency of particle mixing droplet size (compare Fig. 9c and d). We also observed that the
depends on the E-field strength, i.e., the particles mixed faster at E-field strength at which solid-to-liquid transition and particle

(a) no E-field E=260V mm™

(b) no E-field E=450Vmm?t —>

(c) no E-field E=700Vmm?! —>

(d) no E-field  E=700Vmm™* —»
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Fig. 9 Droplets with a diameter of (a—c) ~2 mm and (d) ~0.8 mm covered with 50 um PE particles (red and cyan) forming a Janus shell. Fast particle
mixing is facilitated by the application of stronger E-fields. The particles mix slower at the surface of the smaller droplet. See also the corresponding
Movie S5 (ESIT).
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Fig. 10 Optical microscope images of emulsions droplets covered by 10 um PS particles. (a) An E-field of 500 V mm~* was applied for ~20 seconds to
induce electrorotation of droplets and droplet clusters to help the clustered droplets to separate. See also the corresponding Movie S6 (ESIt). The scale
bars are 1 mm. (b) Many droplets formed unwanted chain-like structures and clusters (left panel). Application of E-fields in an alternating fashion (weak «
strong) resulted in cluster disintegration and enabled the formation of separated emulsion droplets (see right panel) with an average diameter of ~250 pm.

mixing initiates depends on the size of the surface particles.
However, we do not have sufficient data to be conclusive on this
point. Nevertheless, the data presented here should serve as an
entry point for formulating theoretical models of the solid-to-
liquid transition of particle shells and particle mixing induced by
E-fields.

The knowledge gained from the experiments on individual
droplets can be also very useful in studying and advancing
more complex systems, such as emulsions. Recently, we were
exploring the possibility offered by E-fields to fabricate Pickering
emulsions through a limited coalescence approach.”” We
used E-fields to promote the attraction of droplets partially
covered by particles. That enabled speeding up the droplets’
coalescence that led to the formation of stable emulsion dro-
plets, i.e., densely covered by particles. However, during the
Pickering emulsion formation, many droplets formed unwanted
electrorheological chain-like structures often composed of
particle-bridged droplets. This prevented completion of the
Pickering emulsion maturing and caused the formation of
droplet clusters.

In this example of the application of electrorotation pheno-
mena, we demonstrate that the droplet chaining and clustering
(see left panels in Fig. 10) can be prevented. During the
formation of Pickering emulsion by E-field-assisted electrocoale-
scence, we cyclically (every 20 seconds) increased and decreased
the Efield strength. In Fig. 10a, we present a sequence of optical
microscopy images. These images were recorded within 20 seconds,

4422 | Soft Matter, 2021,17, 4413-4425

roughly in the middle of the process of fabricating a Pickering
emulsion (that took ~30 min, see ref. 47 for a similar experiment
showing the whole process of emulsion maturing). Switching
between the critical E-field for rotation E < E.. and E > E.,, enabled
droplet coalescence at weak fields and destruction of droplet
agglomerates at strong fields.

As presented in Fig. 10a, at strong E-field (500 V mm™ ),
droplets and droplet clusters started rotating and shearing the
emulsion locally. These dynamics helped the clustered droplets
to separate. The rotation of individual droplets and droplet
clusters (before their destruction) is shown in the corresponding
Movie S6 (ESIT). In Fig. 10b, the electrorotation of selected
droplets is marked with red arrows. For the sake of image clarity,
we only marked selected droplets. Before lowering the E-field
strength back to 200 V mm™ ", nearly all droplets were separated
and rotated individually. This procedure of alternating the
strengths of the E-field resulted in the formation of a Pickering
emulsion where the majority of droplets were densely covered by
particles (see right panel in Fig. 10b).

Currently, we are also exploring how electrorotation could
be used to produce oil-oil Pickering emulsions with nearly
monodispersed Pickering droplet size. We use electrorotation
to prevent droplet clustering and also split droplets at even
stronger fields (three levels of E-field strengths are used) to
coalesce them again with other droplets to even the particle
concentration in each droplet. Once more, electrorotation is the
key to efficient formation of stable particle emulsions.

This journal is © The Royal Society of Chemistry 2021
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4 Comments

4.1. Three-phase system

In our study, we mainly used droplets with polymeric shells
composed of spherical microparticles (10-50 um) as a model
system. However, the presented methodology is not limited to
droplets with this type of shell, as long as: (i) the particles’ electrical
properties fulfil the condition for electrorotation, and (ii) the
particles are strongly bound to the oil-oil interface and do not
detach when sheared during droplet rotation. In our laboratories,
we performed several additional experiments with droplets as small
as 100 pm and as large as 0.5 cm, using different types of particles,
including poorly conductive kaolinite particles and silica particles,
as well as polymeric particles, and these had a broad size range of
500 nm to 0.2 mm. In our experiments, we used castor oil as the
surrounding liquid. However, as presented in several other studies,
other combinations of liquids can also be used.">*®

4.2. Electric field parameters

In the experiments presented here, we used DC E-fields between
0 to 835 Vmm ' because stronger E-fields resulted in a break-up
of the largest droplet (i.e., the particle-covered droplet with a
diameter of around 1.51 mm). However, in principle, smaller
droplets (e.g., a diameter of 100 pm) can be exposed to E-fields
far above a few kV mm ™" because they deform less, as presented
in Fig. 3b, and thus break up at stronger E-fields compared to
larger droplets. Also, droplets with higher viscosities than those used
here can be subjected to stronger E-fields, as their characteristic time
of deformation may be smaller than the charge build-up time.

We noted that there is a major difference in droplet behaviour
depending on how the E-field is applied, that is, whether the
strong E-field is reached instantly or gradually. The instant
application of a strong E-field may cause significant deformation
of a droplet accompanied by an irreversible detachment of
particles from the droplet’s surface (see Fig. S4 and Movie S7,
ESIT). We also observed that when the E-field was increased
gradually, the particle-covered droplets tumbled less compared
to particle-covered droplets exposed to sharply changing E-field
strengths. Because the droplet’s behaviour at each E-field
strength was studied for short time (~1 minute), we cannot
conclusively state whether a steady shape is reached. However,
the data collected for the experiment on particle mixing
indicates that the steady shape (and tilt angle) can be achieved
after several minutes of electrorotation (see Movie S5, ESI{). We
also noted that the direction of the Quincke rotation can be
changed by flipping the E-field direction.

As presented in Fig. 6, the fluorohectorite clay particles had
interesting electrical characteristics limiting the electrorotation at
stronger E-fields so that the electrorotation was achieved only at the
narrow E-field band (that is, for 270 Vmm ™" < E < 330 Vmm™ ).
We think that the bandwidth can be modified. The electrical
properties of clay mineral particles depend on the type of clay used
(fluorohectorite, LAPONITE™, kaolinite, etc.), their water content,
and also their size. Thus, by controlling these parameters one can
design a particle-covered droplet with the desired E-field bandwidth
of droplet electrorotation.

This journal is © The Royal Society of Chemistry 2021
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4.3. Straining flows

As we described in the Section 3.1, the size-dependency of E., (shown
in Fig. 4c) originated from droplet deformation. The increased
deformation increases the dipole strength, and thus decrease E.
On the other hand, when the droplet deforms (while subjected to the
E-field) and its surface area increases, the particle coverage decreases,
which enables formation of EHD flows. These straining flows may
convect away the charge accumulated on the droplet’s interface
(especially relevant for low viscosity droplets) decreasing the strength
of the electric dipole, which should lead to increased E.. values.
From our experimental data presented in ref. 28, we learnt that the
straining flows created near the small opening in the particle shell
(formed at the droplet’s electric equator) are very weak compared to
those formed around a particle-free droplet, and narrow (located
only near to the opening). Therefore, we believe their contribution to
the change of the E,, value is negligible in our system. However, at
larger droplet deformation (when a particle-covered droplet rotates),
the straining flows may play a more significant role, for example, in
particle mixing, as presented in Fig. 9.

5 Conclusions

We experimentally studied electrorotation of particle-covered
droplets (and pure silicone oil droplets, as well as individual PE
and PS particles, used as reference data) immersed in electrically
more conductive castor oil. We showed that the addition of
particles to the droplet interface changes the parameters of
electrorotation compared to those of pure droplets and solid
particles. The surface particles contributed to the viscous effects,
slowing down the droplet rotation compared to the particle-free
droplets, and their presence shifted the onset value of the critical
E-field strength (at which the rotation begins). We also reported
the presence of a second critical E-field (at which the rotation
terminates) for the droplets covered by non-ohmic particles. We
found that the rotation rate (w) and the critical E-field for
rotation (E.;) depend on the size of particle-covered droplets,
dissimilar to the macroscopic spherical particles for which the
Quincke description is held. We also observed that both @ and
E.. depend on particle shell morphology and composition.

We have also presented new applications for Quincke rota-
tion of particle-covered droplets. (i) We demonstrated that this
electric phenomenon can be used to form arrested droplets with
non-spherical shells. In the context of the stability and applica-
tions of particle-covered droplets (e.g., constituting Pickering
emulsions), it is important to understand their mechanical
properties. Several research groups have studied the deforma-
tion, relaxation, and mechanical properties of particle-covered
droplets.>”***° The majority of the research concern spherical
droplets. However, very little is known about arrested droplets
with non-spherical particle shells. The method presented here
enables the formation of arrested droplets with controllable
geometry and porosity, and thus, facilitates research, for example,
on deformation, yielding, and crumpling of jammed particle
shells formed on arrested droplets (that is ongoing research in
our laboratories). (ii) We also introduced a novel experimental

Soft Matter, 2021,17, 4413-4425 | 4423
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approach for monitoring the dynamics of particles forming a
monolayer on the surface of droplets by using a droplet covered
with a Janus shell. This setup enabled particle tracing and direct
visualization of the transition from solid-like rotation to the
fluid-like tank-treading motion of a particle-covered droplet.
(iiif) Furthermore, we demonstrated that the electrorotation of
deformable droplets permitted particle mixing on the interface of
droplets and the formation of patchy particle shells. (iv) Finally,
we showed that electrorotation can be used to facilitate efficient
fabrication of Pickering emulsions.

Future experimental studies should investigate how particle
properties, e.g., their cohesiveness, particle packing, and particle
coverage, affect the mechanics of particle shells and electrorota-
tion of particle-covered droplets. The role of the straining flows in
electrorotation of large-size particle-covered droplets should be
investigated in more detail. It would also be interesting to study
interactions of two or more deformable particle-covered droplets
electrorotating in close proximity.
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Figure S1: At weak E-fields (up to around 250 V-mm™), the deformation magnitude deformation increased as power
law of the electric field strength with an exponent slightly above 2. This is particularly apparent for larger droplets (with
a diameter above 1 mm) that deform more than smaller droplets. During the droplet deformation, the surface area
increases, thus more charges may accumulate on the droplet’s interface contributing to the increase of the total electric
stress acting on the droplet. At stronger electric field strengths (above around 400 V-mm™), the magnitude of droplet
deformation is roughly proportional to E2.

Droplet size
—— 1.02mm
0.1 1
Q
slope of 2.5
slope of 2
0.01 | 1
200 400 600 800
E (V-mm™)

Fig. S1. A log-log plot of the deformation magnitude vs. the E-field strength.

Figure S2: It appears that the data for droplets smaller than 0.85 mm collapse and follow w? o E?/EZ. relationship.
Though, the droplet rotation rate at high field strength (i.e., E? > E2.) goes through a non-monotonic transition with
increasing droplet size (above 0.72 mm).
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Fig. S2. Re-plotted data series presented in Fig. 3a,b. The argument values for each data series were normalized by the corresponding
value of E taken from panel Fig. 3c.



Figure S3: Two silicone oil droplets partly covered by 50-um PE particles (left panel) coalesced to form an arrested
Pickering droplet (right panel). The coalesced droplet had a jammed-particle layer that kept the droplet non-spherical
even after the E-field was turned off.

t=0s t=05s t=20s
Fig. S3. (left) Two silicone oil droplets just before electrocoalescence and (right) the resulting coalesced droplet. The diameter of each

original droplet was ~1.5 mm.

Figure S4: Two silicone oil (50 cSt) droplets (particle-free and particle-covered) formed in castor oil. Application of a
strong E-field of around 850 V-mm™ resulted in irreversible detachment of particles from the droplet’s surface. The
droplets were viewed through an optically transparent ITO electrode along the E-field direction.

Particle-covered droplet

Particle-free droplet
t=0s t=1s t=1.2s t=15s t=2s

Fig. S4. Detachment of surface microparticles from a silicone oil droplet (diameter of ~ 1.7 mm). Application of a strong E-field of
around 850 V-mm™ caused the particles to crumple and eventually irreversibly detach from the surface of the droplet. The droplet
is imaged parallel to the direction of the E-field through transparent electrodes. See also the corresponding Movie S7.

Movie S1. Four PS particle-covered droplets (diameter 0.22-1.02 mm) at different E-field strengths (125-835 V-mm™).

Movie S2. Electrorotation of droplets (diameter of ~ 1.39 mm) with rigid and deformable shells composed of PE
particles. The rigid shell was made by joining particles through heating using a microwave oven. During heating of a PE
particle-covered droplet, hairy polymeric structures were formed sticking out of the shell. The droplet with a hairy shell
rotated significantly slower than the droplet with a smooth shell owing to the increase of the magnitude of drag
coefficient.

Movie S3. A silicone oil droplet (diameter of ~ 0.7 mm) covered by non-ohmic clay mineral particles (Li-fluorohectorite).
Subjected to an E-field of ~ 270 V-mm™ the droplet slowly rotated with at a rate of around 0.2 rad-s™. The rotation rate
was increased by increasing the E-field strength up to ~ 300 V-mm™. However, at £ ~ 330 V-mm™ the clay particle-
covered droplet stopped rotating. The dipole moment on the droplet covered by the clay film flipped at E ~ 330 V-mm,
and thus, the E-field acted on a droplet by stretching it along the E-field direction.

Movie S4. Electrorotation used for changing shape of a droplet and porosity of its particle shell. A droplet covered
with 50-um PE particles electrorotate in E-field of 350 and 600 V-mm™. The movie was sped up 4 times.

Movie S5. A droplet with diameter ~2 mm covered with 50-um PE particles (red and cyan) forming a Janus shell
subjected to £ = 700 V-mm™™. The movie was sped up 4 times and then 10 times.

Movie S6. Breaking the droplet agglomerates down to individual droplets. Optical microscope images of silicone oil
emulsions droplets covered by 10-um PS particles. Castor oil was used as a continuous medium. An E-field of 200 V-mm™
was applied to promote electrocoalescence of droplets, whereas a stronger E-field of 500 V-mm™ was applied to induce
electrorotation of droplets and droplet clusters to help the clustered droplets to separate. The electric field was applied
in horizontal direction, and the movie was sped up two times.

Movie S7. Detachment of surface microparticles from a silicone oil droplet (diameter of ~ 1.7 mm). Application of a
strong field of ~ 850 V-mm™ caused the particle to crumple and eventually irreversibly detach from the surface of the
droplet. The droplet is imaged parallel to the direction of the E-field through transparent electrodes.
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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
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

or out-of-plane particle rearrangements) depending on the strength of the applied electric field.
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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°

“ Faculty of Physics, Adam Mickiewicz University, Uniwersytetu Poznariskiego 2,
61-614 Poznan, Poland. E-mail: zbiroz@amu.edu.pl

b poreLab, The Njord Centre, Department of Physics, University of Oslo, Blindern,
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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

This journal is © The Royal Society of Chemistry 2021
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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

View Article Online

Soft Matter

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

—=— 114 Vmm™"

170 Vmm™'

[ —a— 227 Vmm™
—v— 256 Vmm™"
=0.1F ——257 Vmm™'
259 Vmm™"

284 Vmm™
—a— 341 Vmm™’
—03}F—*—455 Vmm~'
—0— 796 Vmm™"

-0.4 1 1 1 1
0.1 1 10 100

Time (s)

Deformation
o

-0.2F

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).

t=12s

(b)

t=0.7s

t=0s

t=0.35s

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
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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
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(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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Electric-field-induced deformation, yielding, and crumpling of jammed particle
shells formed on non-spherical Pickering droplets
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Fig. S1 demonstrates the creation of homogeneous and non-homogeneous arrested Pickering droplets by
droplet coalescing. Two silicone oil droplets partly covered with particles coalesced to form an arrested Pickering
droplet. The shape of the final coalesced droplet is determined by the particle surface coverage of the two original
droplets. In Fig. S1, the particle concentration of the original droplets varied from ~8 to ~12 wt.%. As a result, we
obtained Pickering droplets of different shapes, including a spherical shape (Fig. S1a), a slightly aspherical shape
(Fig. S1b), a rectangle-like shape (Fig. S1c), and a peanut-like shape (Fig. S1d). The coalesced droplet in Fig. S1a was
not completely covered with particles (two openings can be seen at the electric poles of the droplet). That is, the
particle layer was not in a jammed state, and the particles had some space available to rearrange. The other
coalesced Pickering droplets had jammed particle layers that kept the droplet in a non-spherical shape also after the
E-field was turned off. Owing to particle rigidity (the particles cannot be deformed, and it costs energy to move
particles out of plane), the particle layer resisted the retracting force stemming from the surface tension of the
droplet.

(a) (b) () (d) (e)

) & ) | ; ) & g | \
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E-O\-'\“/j \‘_J \_,—--«._/' \\..,f‘\..:r—’:j )

Fig. S1. Pickering droplets with different shapes made by electrocoalescence. The droplets just before electrocoalescence are
presented in the top row, whereas the coalesced droplets are shown in the bottom row. The original particle concentrations on
the two original droplets were (a) ~8 wt%, (b) ~9 wt%, (c) ~10 wt%, and (d) ~11 wt%. Blue 30-um PE particles were used to
form homogenous shells (a-d). (e) An example of a Janus shell composed of PE particles of two different sizes: blue 30-um PE
particles and white 2-pum particles. The original particle concentrations of the two original droplets were ~10 and ~12 wt% for
the blue and white particles, respectively. The size of each original droplet was ~ 2.0 mm. See also corresponding Movie S1.



Fig. S2 demonstrates that at a weak E-field (350 V mm™), droplets deformed from a prolate into an oblate shape
without an observable formation of wrinkles at their particle shells or with irregular folds with small amplitudes.
Slow compression of particle shells facilitated in-plane particle rearrangement analogous to the gliding of grain
layers in granular flows. In response to compressive electric stress, the surface particles started to move relative to
one another. We observed several slip lines appearing during shell compression.

F=350V mm!

-

2um

t=0s t=1.2s t=2.0s t=2.6s t=3.0s

t=0s t=1.2s t=2.0s t=27s t=32s

50 pm

t=0s t=1.6s t=22s t=24s t=3.1s

Fig. S2. Deformation of particle shells at different E-field strengths. Arrested droplets with PE particle shells made of (a) 2-um,
(b) 18-pum, (c) 30-um and (d) 50-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. Electric field applied in horizontal direction.



In Fig. S3, we show that depending on the compression dynamics (i.e., E-field strength) the particle-covered
droplets undergo different shape transformations at the intermediates during the prolate-to-oblate shape
transition. The difference between the droplets’ projected two-dimensional (2D) shapes is clearly seen (especially
in the middle column of the figure. The contours of the Pickering droplets subjected to the weakest E-field (350 V
mm™) resembles a rhombus shape, whereas that of the Pickering droplet subjected to the strongest E-field (1050 V
mm~) are nearly spherical.

(a)

350V mm™

1050 V mm™?

(b)

350V mm™

1050 V mm™

Fig. S3. Deformation of particle shells at different E-field strengths. Series of experimental images with added color-coded
contours representing values of the curvature. Arrested droplets with particle shells made of (a) 18 um and (b) 50 pm particles.
The droplets were subjected to E-fields of strengths 350 and 1050 V mm™™. The droplets subjected to the stronger E-field are
more round at the intermediates compared to those subjected to the weak E-field. Note: The Pickering droplet with 50 um
particles wrinkles with the wrinkling amplitude of several pixels, which was picked up by the software that affected the shape of
the contours.



Movie S1. Collection of movies demonstrating the preparation of Pickering droplets with different shapes. In each
movie, two silicone oil droplets with surface particles undergo electrocoalescence subjected to a DC E-field of
strength 170 V. mm™™. The resultant shape of the droplet depends on the initial particle coverage. The movie is sped
up 2 times.

Movie S2. Preparation of ellipsoidal particle shells by using DC and AC E-fields. An ellipsoidal particle shell is
prepared by the electrorotation of a Pickering droplet in a DC E-field, followed by the aligning of the droplet (with
its longest axis along the direction of the E-field) and the shaping of the droplet using an AC E-field (100 Hz).

Movie S3. E-field-induced deformation of arrested droplets with jammed particle shells. A silicone oil droplet
covered with 30-um PE particles was suspended in castor oil and subjected to a DC E-field that was stepwise
increased. The applied E-field and the deformation of the droplet are plotted against time.

Movie S4. Particle in-plane rearrangement. Droplets with shells made of 2 um, 30 um, and 100 um PE particles
under electric stress. Each movie is recorded with a reverse playback and is sped up two times.

Movie S5. Deformation of non-spherical Pickering droplets subjected to different E-field strengths. Three arrested
droplets (with similar volume and initial shape) covered by 2-um PE particles are subjected to E-fields of strengths
350, 700, and 1050 V mm™™. Under these E-field strengths, the droplets continuously deformed from prolate into
oblate shapes but with different dynamics.

Movie S6. Crumpling of particle shells. Four droplets covered by PE particles of different diameters 2-50 um were
subjected to E-field of strength 1050 V mm™™. 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 movies were slowed down four times.

Movie S7. Shape transformations of a Pickering droplet under different speed of compression. Arrested droplets
(with similar volume and initial shape) covered by 2-um PE particles were subjected to E-fields of strengths 350—
1050 V mm™™. Series of experimental images with added color-coded contours representing values of the curvature
are shown on the top row. The estimated curvature values are plotted against the 2D polar angle, and the curvature
distributions are presented using bar charts.

Movie S8. Asymmetric Pickering droplets under electrical stress. A homogeneous particle shell is prepared by the
coalescence of 1.6- and 2.7-mm silicone oil droplets covered with blue 30-um PE particles. Three different types of
heterogeneous particle shells are prepared by the coalescence of silicone oil droplets covered with white 2-um and
red 50-um PE particles, and green 100-um and white 2-um PE particles. The asymmetrical particle shells are
subjected to an E-field of strength ~300 V. mm™.



MATLAB code

% Curvature computation around a Pickering Droplet / Matlab Code
clc; clear; close all

%% Extra function (index wrapping)
wrapN = @(x, n) (1 + mod(x-1, n));

%% Parameters

image_file = 'name.jpg’;

T = 0.41; % Threhold for the detection of the droplet's boundary (0<T<1)

sm = 20; % Number of points for the average smoothing filterering of the boundary
k = 50; % Number of data points to fit local circles to the boundary

%% Charge image and compute droplet boundary
I = imcomplement(imread(image_file));

% imshow(I)

BW = im2bw([,T);

% imshow(BW)

dim = size(BW);

col = round(dim(2)/2)-90;

row = min(find(BW(:,col)));

boundary = bwtraceboundary(BW,[row, col],'N');

%%% Smoothing
boundary(:,2) = smooth(boundary(:,2),sm);
boundary(:,1) = smooth(boundary(:,1),sm);

%% Compute curvature
n = length(boundary(:,2));
curv = NaN*zeros(1,n);

%%% Fitting Circles, Kasa Method (1976)
fori=1:n
if ((i+k <=n) && (i-k>=1))
[xc,yc,R] = Kasa(boundary(i-k:i+k,2),boundary(i-k:i+k,1));
elseifi+k > n
[xc,yc,R] = Kasa([boundary(i-k:n,2);boundary(1:wrapN(i+k,n),2)],[boundary(i-
k:n,1);boundary(1:wrapN(i+k,n),1)]);
elseifi-k <1
[xc,yc,R] = Kasa([boundary(wrapN(i-k,n):n,2);boundary(1:i+k,2)],[boundary(wrapN(i-
k,n):n,1);boundary(1:i+k,1)]);
end
curv(i)=1/R;
end

%%% Conversion to mm
pixsize = 0.00405;
curv = curv/pixsize;

%% Ploting

figure(1)

set(gcf, 'Position’, get(0, 'Screensize"));
set(gcf,'color','w");

subplot(1,3,1)

imshow((1))

hold on;
scatter(boundary(:,2),boundary(:,1),20,curv, 'filled");
colorbar



colormap('turbo’)
caxis([0,2])
title({'Approximate curvature (mm”*{-1})'})

%%% QCing the last fitted circle
% hold on
% viscircles([xc yc],R);

xc=mean(boundary(:,2)); yc=mean(boundary(:,1));
Theta=atan2(-(boundary(:,1)-yc),(boundary(:,2)-xc)) ;
subplot(1,3,2)

polarplot(Theta,curv,'linewidth',2)

rlim([0 0.008/pixsize])

title('Polar plot of the curvature (mm*{-1})")

subplot(1,3,3)
h1=histogram(curv,'FaceAlpha’,1,'Normalization','probability');
h1.BinWidth = 0.0001/pixsize;

x1im([0,0.008/pixsize]) ; ylim([0.003,0.3]) ;
set(gca,'YScale','log'")

title('Curvature probability distribution (mm”{-1})")

%% Extra functions
function [xcenter,ycenter,radius] = Kasa(xdata,ydata)

% 1. Kasa, "A curve fitting procedure and its error analysis",
%  IEEE Trans. Inst. Meas., Vol. 25, pages 8-14, (1976)

Mat=[xdata ydata ones(size(ydata))]\[-(xdata."2+ydata.*2)];
xcenter = -Mat(1)/2;

ycenter = -Mat(2)/2;

radius = sqrt((Mat(1)*2+Mat(2)"2)/4-Mat(3));

end
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Mechanical properties of particle-covered droplets probed by
non-uniform electric field

Khobaib Khobaib™ and Tomasz Hornowski
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ABSTRACT: Particle-covered droplets are used in many fundamental studies and practical
applications. For many applications, it is important to understand the mechanics of such droplets
subjected to external stresses induced, for example, by electric field (E-field). Several research groups
have studied the deformation and stability of droplets subjected to uniform E-fields. However, little
is known about the behaviour of particle-laden droplets in non-uniform E-field. Here, we present the
results of studies on the deformation of silicone oil droplet coated by an electrically insulating particle
shell suspended in castor oil. Such droplet deforms compressively under DC E-field. We create E-
fields with different intensities and field gradients by changing the shape of the signal electrode and
its position in respect to the stationary plate-shaped electrode. The experimental results on the
droplet deformation are compared with the theoretical calculations obtained through modelling of
the distribution of non-uniform electric field around cylindrical electrode using the finite element
method. We find quite good agreement between experimental results and theoretical predictions,
for droplet deformations, especially for moderate electric potentials, up to 1 kV.

KEYWORDS: droplet deformation, electric potential, electrode geometry, non-uniform electric field
1. Introduction

Understanding the mechanical and rheological properties of droplets (pure or covered by
particles) subjected to external stresses is important for many practical applications,
including fabrication of emulsions [1-3]. The deformation of a droplet is often investigated,
as it is an essential parameter for a variety of industrial applications such as inkjet printing
[4], droplet separation in microfluidic systems [5], de-emulsification [6,7], biological cell
systems [8] and enhanced oil recovery [9]. Besides investigating the behavior of pure
droplets, particle-covered droplets are also a subject of fundamental studies. That is because
droplets with a particle shell are important for technological aspects such as food products
[10], pharmaceutical products [11], cosmetics [12], biocatalysts [13], cell printing [14],
biodiesel production [15], and drug delivery [16,17].

Typically, the mechanical and rheological properties of droplets are investigated by using
mechanical compression [18-20], hydrodynamic shear flow [21,22] or magnetic [23] and
electric fields [24]. Electric field approaches have proven to be useful as a non-contact
method for studying droplets’ response to an external stress [24—28]. Usually, a homogenous
electric field is used to generate the electric stress, and many works on droplets subjected

to a uniform electric field have been published [25,29-32].
1
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The literature is less extensive on the subject concerning the use of non-uniform electric
fields and includes the following contributions: Ahn [33], Yao [34], Mhatre [35] and Song [36]
et al. investigated the deformation and motion of silicone oil and water droplets in a non-
uniform electric field both theoretically and experimentally. Feng [37] performed a
theoretical analysis of a deformable fluid particle in a non-uniform electric field. Deshmukh
and Thaokar [38] studied the deformation and breakup of a leaky dielectric droplet in a leaky
dielectric fluid in an axisymmetric quadrupole electric field). Our goal is to fill the gap in this
research area by demonstrating how electrode geometry affects the droplet’s deformation.
We focus on the effect of electrode size, droplet size and the spacing between the electrodes
on the magnitude of the droplet deformation. In our experiments, we used different sizes of
top electrodes (from pin- to plate-shaped electrodes), whereas the flat bottom electrode
remained the same for all the experiments. The experimental data was compared with

theoretical results obtained through the finite element analysis.

2. Materials and experimental method
2.1. Materials

Particle-covered droplets were made out of silicone oil (VWR Chemicals, Rhodorsil
6678.1000, viscosity ~50 mPa-s, density ~0.96 g-cm™3, relative permittivity ~2.8, and
electrical conductivity ~5 pS‘m™) and polyethylene particles (Cospheric LLC, REDPMS-0.98
45-53 um, electrical conductivity electrical conductivity ~107%> S:-m™, relative permittivity
~2.1 and density ~0.98 g-cm~3). First, we dispersed the polyethylene (PE) particles in silicone
oil, and then using a mechanical pipette we formed a droplet of dispersion inside castor oil
(Sigma-Aldrich 83912, viscosity ~750 mPa-s, density ~0.96 g-cm3, relative permittivity ~4.7,
and electrical conductivity ~100 pS-m™). In the formed droplet, most of the PE particles
resided inside the droplet. In order to bring the particles to the silicone oil-castor oil interface
we used an E-field, as described in ref. [39]. Once the particles reached the interface, they

strongly bound to it with the binding energy ~10* kgT.

2.2. Experimental method

The experimental setup consisted of a signal generator (SDG1025, SIGLENT), a high-
voltage bipolar amplifier (10HVA24-BP1, HVP High Voltage Products GmbH), a digital
microscope (AM7115MZTL, Dino-Lite Digital Microscope) for observation at an angle (~20°)
perpendicular to the direction of the applied E-field, a light source, a PC for recording movies,

and an optical acrylic cuvette (15 mm x 15 mm x 30 mm) used as a sample cell. The sample
2
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cell was placed on a mechanical XYZ translation stage (LT3, Thorlabs, Sweden) to ease its
positioning relative to the optical path of the microscope. The bottom wall of the cell was
made of a glass coated indium tin oxide (ITO) thin layer and it served as an electrode. The
signal electrode was placed above a particle-covered droplet (inserted from the open top of
the sample cell and immersed in castor oil). For the signal electrode, we used materials with
different shapes: a pin electrode (diameter 0.1 mm), a cylindrical electrode (diameter
ranging from 0.6 mm to 3 mm) and a plate electrode. A high-voltage bipolar signal was
provided to the sample cell via two crocodile clips attached to the top and bottom
electrodes. The distance between the electrodes (h) was adjusted according to the
experimental need. A stainless-steel O-ring was attached to the conductive bottom of the
sample cell (at its center) to hold the droplet in place and to prevent its electrorotation—a

phenomenon that occurs in strong E-fields [40].

2.3. Particle image velocimetry (PIV) experiment

Electrohydrodynamic flows (EHD) induced around a particle-covered droplet and near the
tip of a non-planar electrode were traced using particle image velocimetry (PIV). Blue PE
particles (Cospheric LLC, BLPPMS-1.00, size ~30 um, and density ~1.00 g-cm~3) used as tracer
particles were dispersed in castor oil and poured in the sample cell. A silicone oil droplet (~4
mm) coated with 50-um PE particles was suspended in the dispersion medium and docked
into a conductive O-ring. Electric tension of different intensities (1.3—2.6 kV) was provided
to the signal electrode, which resulted in generation of liquid flows in the system. We
recorded movies at a speed of 10 frames/s and a resolution of 1280 x 960 using a digital
microscope (AM7115MZTL, DINO-LITE). Three hundred sequential frames were extracted
from each movie and used to generate flow field maps using MATLAB® software (v.R2017b,

MathWorks®) and its Particle Image Velocimetry Toolbox™.

2.4. Droplet deformation

Taylor [41] introduced the leaky dielectric model that was later developed by Melcher
and Taylor [42] to describe the EHD deformation of weakly conducting droplets suspended
in another conducting medium under an applied electric field. The model is based on the
assumption that the free charges build up at the droplet’s interface, resulting in the
generation of compressive electric stress, which, in turn, deforms the droplet. The
magnitude of droplet deformation depends on the stability between surface tension (y) and

normal stress (&, - EZ) and is given by
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dy+d; 16yS(2+R)?
where dyand d; are the droplet axes parallel and perpendicular to the direction of the
applied electric field, respectively, &, is the vacuum permittivity, €.y is the permittivity of the

surrounding liquid, 7 is the radius of the droplet, the dimensionless numbers R, S and A are

the conductivity, dielectric constant, and viscosity ratios which are defined as: R = Iin. ¢ =

7
Oex

E_ﬂ; A = £ We are aware that the model is applicable only for small deformations and for

€in Hin

a droplet placed in a uniform field. However, we will use it here for a coarse estimation of

the droplet deformation.

2.5. Modelling of the electric field distribution using the finite element method

The configuration of cylinder-plate electrode under consideration is shown in Fig. 1 (a).
The cylindrical electrode of diameter d is placed perpendicular to a plate electrode at
distance h. The diameter d, and the filled with castor oil gap h between the electrodes are

the parameters which define the geometry and determine the electric field strength.

(a) d (b) [mm] x 10°
' 8 1.6
/ 1.4
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(c) 00000 : . . |
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= 400000 |
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®
ke]
o
& 200000 |
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Ll
0 1 . | . | ) ) )
8 8 10 12 14

Electrode gap (mm)
Figure 1. (a) The configuration of the cylinder-plate electrode system with a particle-covered droplet placed on
the bottom of the container. (b) Electric field intensity around the cylindrical electrode, U =3 kV, h = 6 mm,

d =0.7 mm. (c) Electric field intensity along the gap axis U = 1300 V, d = 0.8 mm.
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The electric field or potential distribution may only change in the radial direction,
perpendicular to the plate electrode along the gap. Therefore, the task may be reduced into
a two-dimensional axisymmetric problem. For the modelling of electric field distribution, we
used COMSOL Multiphysics v.5.5 software package. The surface plot of the electric field
strength distribution across the electrode gap is shown in Fig. 1 (b). An example of the
calculated variation of the electric field intensity across the gap, for a given electrode size of
0.8 mm is shown in Fig. 1 (c). The values of electric field strength for different electrode
configurations and electric potentials were treated as the input values to the Melcher-

Taylor equation (eq. 1).

3. Results and Discussion

3.1. Effect of electrode geometry on droplet deformation

The droplet deformation under a uniform electric field was studied in previous works
[25,26,43]. In this study we investigate the deformation of a droplet influenced by both
uniform and non-uniform electric fields created by the different electrode geometries. We
prepared a silicone oil droplet (~4.4 mm) covered with 50 um PE particles and the droplet
was suspended in castor oil and docked into a stainless-steel O-ring attached to the
conductive bottom of the sample cell. A signal electrode was placed at a fixed electrode
distance (~8 mm) and electric potential was increased stepwise (0—3.2 kV). At each step, the
electric potential was increased ~0.13 kV and we waited for 1 minute to reach the steady-
state droplet deformation and particle rearrangement. Four different sizes of the top
electrodes were used: a plate electrode, cylindrical electrodes (diameter 1.2 mm, and 3.0
mm) and a pin electrode (diameter 0.1 mm). The electrodes are shown in the inset image in
Fig. 2 (a), in which a droplet is subjected to an electric potential of ~2.2 kV.

In Fig. 2, the magnitude of droplet deformation is plotted as a function of electric
potential. The result demonstrates that the deformation magnitude is consistently higher for
the uniform electric field in comparison with the non-uniform electric field. We also
compared the experimental result with the theoretical prediction by using the Melcher-
Taylor equation (see eq. (1)). We calculated the deformation magnitude for different

electrode geometries and plotted it as a function of applied electric potential (see Fig. 2 (b)).
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Figure 2. Electrode geometry effect on the magnitude of the droplet deformation. A particle-covered droplet
(diameter 4.4 mm) was placed at the conductive bottom of the sample cell. The electric potential was increased
stepwise. Four different sizes of the top electrodes were used (see inset images) and were place at the fixed

distance of 8 mm. (a) Experiential and (b) theoretical data of the magnitude of the droplet deformation.

The theoretical results show good qualitative agreement with the experimental results
and demonstrate that the deformation magnitude depends on both the applied electric
potential and the electrode geometry. This is because at a constant electrode distance (~8
mm), the electric field strength increases more strongly with the applied electric potential in
the uniform than in the non-uniform field. The result also demonstrates that in a non-
uniform electric field, the deformation magnitude decreases with the decrease of the
electrode diameter and deforms the least with the electrode of the smallest diameter (~0.1
mm). Ahn et al. [33] studied the droplet charging characteristic under different electrode
configurations. They suggested that at a fixed electrode distance, when the cross-sectional
area of the electrode becomes much smaller than the diameter of the droplet, the charge
decreases at the droplet interface. Luo et al. [44] explained the electric field distribution in a
non-uniform electric field. They reported that at a constant electrode distance the electric
field is the strongest at the tip of the electrodes and becomes considerably weaker when it
reaches the plate electrode. Our experimental data are in good agreement with their
observation.

After understanding the effect of electrode geometry on droplet deformation at a fixed
electrode distance, we decided to further study the deformation by minimizing the gap
between the electrodes to the point when the electrodes touch the droplet. In Fig. 3, we
estimated the magnitude of droplet deformation both experimentally and theoretically. The

droplet is subjected to a fixed DC electric potential of ~0.8 kV through two different sizes of
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the top electrodes’ (i) cylindrical electrode (diameter 0.7 mm), and (ii) plate electrode. At
such a low voltage, it was possible to touch the droplet with the top electrodes without
harming the particle shell. Initially, the cylindrical electrode was placed above the droplet at
a distance of ~11.9 mm from the bottom electrode. The strength of the electric field was
increased stepwise by moving down (~0.26 mm) the top electrode. We found that in up to
~6 mm of electrode distance the magnitude of the droplet deformation with the cylindrical
electrode increased more slowly (AD ~ 0.03) compared to the plate electrode (AD ~ 0.07)
(see Fig. 3 (a)). With further decrease of the distance between the electrodes, i.e. below ~6
mm, the magnitude of the droplet deformation with the cylindrical electrode started to
increase steeply, but the deformation magnitude was still smaller than with the plate
electrode. However, when the top electrode nearly touched the droplet (below ~4 mm of
electrode distance), the droplet deformed strongly with the cylindrical electrode and crossed
the magnitude of the deformation curve with the plate electrode. The theoretical result also
showed a similar crossing point on the magnitude of the droplet deformation curve when
the electrodes touched the droplet (see Fig. 3 (b)). This is due to stronger field intensity at

the tip of the electrode [33], which creates higher compressive electric stress on the droplet.
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Figure 3. Deformation of silicone oil droplet (~4.3 mm) covered with 50-um PE particles plotted as a function
of the distance between electrodes. The droplet is placed at the conductive bottom of the sample cell. A
stainless-steel cylindrical electrode with diameter of ~ 0.7 mm, and a plate electrode used as a top electrode
are at a fixed DC potential of ~0.80 kV. The electric field strength was increased stepwise by minimizing the
distance between the electrodes. The magnitude of the droplet deformation is estimated (a) experimentally

and (b) theoretically.
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3.2. Electric potential-induced deformation of the particle shell

In this experiment, we prepared a silicone droplet (~4.3 mm) covered by the 50-um PE
particles placed in castor oil and subjected to a non-uniform DC electric field. The droplet
was subjected to an electric field by applying a constant DC voltage of ~130 V to ~3.9 kV.
Initially, the cylindrical electrode was placed at a distance of ~11.9 mm from the bottom
electrode. The strength of the electric field was increased stepwise by moving down the top
electrode in a similar manner to what we presented in the previous experiment. At constant
electric potential, with each step of minimizing the electrode distance, the magnitude of the
droplet deformation and the opening area at the electric pole increased (see Fig. 4). This is
due to the increase of electric field strength with the lowering of the electrode distance,
thereby resulting in a higher magnitude of droplet deformation. In Fig. 5 and Fig. 6, we

present the quantitative data of the observation shown in Fig. 4.

R
!

h=11.9 mm h=9.1 mm h=8.3 mm h=6.7mm h=5.2 mm

Figure 4. A silicone oil droplet (size ~4.3 mm) covered with 50-um PE particles was placed inside the castor oil
and attached to the conductive bottom of the sample cell through a stainless-steel O-ring. A cylindrical
electrode (diameter ~ 0.7 mm) was used as a top electrode and connected with an electric potential of ~2 kV.
The strength of the electric field was increased by lowering the top electrode.

In Fig. 5(a), the magnitude of the droplet deformation is plotted as a function of the
distance between the electrodes. We also estimated theoretically the magnitude of droplet’s
deformation at different electric potentials by using equation (1), see Fig. 5(b). Although the
magnitude of the droplet deformation was smaller theoretically, the result showed good
gualitative agreement with the experimental result. At lower electric potential, e.g. 130 V
and 250V, the droplet was un-deformed with decreases of the electrode distance up to ~4.9
mm and ~6.7 mm, respectively. This is because the total magnitude of the applied electric
stress was not large enough to overcome the elasticity of the particle layer. At higher electric
potential, the magnitude of the droplet deformation was increased slowly and steadily with

the decrease of the electrode distance, and follows Taylor’s theory [41] up to the critical
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distance (hc) (here, h. refers to the gap between the electrodes, where the deformation
curve bent downward). At electric potential 650 V, the droplet deformed with slope ~-2, up
to hc =~ 4.4 mm. With further decrease of the electrode distance, the deformation magnitude
increased steeply, and the curve bent downwards with slope —4. When the droplet was
subjected to electric potential from 130 V to 3.9 kV, the critical distance shifted to the larger
electrode distance (see Fig. 5(c)). In our previous work [45], we also observed such strong
D (h) relationship for droplet deformation D > 0.1. For such large deformations the

Taylor model is invalid, as the droplet becomes highly nonspherical.
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Figure 5. (a) Steady state deformation of silicone oil droplet (diameter ~4.3 mm) covered with 50-um PE
particles plotted as a function of the distance between the electrodes. (b) The magnitude of the droplet
deformation is calculated theoretically at different electric potentials (0.4-3.3 kV). (c) Log-log plot of droplet
deformation at electric potential 2.6 kV, 3.3 kV and 3.9 kV.

In Fig. 6(a), we plotted the opening area at the droplet pole as a function of the electrode
distance. At lower electric potential, e.g. 130 V and 250 V, no opening area was observed at

the droplet electrical pole until the gap between the electrodes was ~4.9 mm and ~6.7 mm,
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respectively. This is because the droplet was un-deformed (see Fig. 5(a)), the particles
formed a jammed monolayer at the droplet surface. However, at a stronger electric potential
(above ~250 V), the droplet started deforming, and the magnitude of the deformation
increased with the lowering of the top electrode. Thus, the total area of the droplet
increased, allowing the particle layer to unjam. The unjamming of the particle layer
underwent a solid-to-liquid transition and the EHD flows were generated at the fluid-fluid
interface. The flows were directed from the droplet poles to the droplet equator, thereby
forming an opening area at the droplet pole. The opening became wider with the higher
deformation magnitude. The size of the opening area at the droplet’s pole should be
proportional to the change in the total area of the droplet after deformation, assuming that
the particle packing of the particles forming the shell is not altered. To crosscheck our
experimental results (Fig. 5(a) and Fig. 6(a)), we plotted the opening area at the droplet pole
as a function of the absolute value of the droplet deformation at different electric potentials
(1.3 kV to 3.9 kV). We found that the data at the different electric potentials were
overlapping. This confirms that our experimental results are correct and under the same
applied electric stress the opening area at the droplet pole depends on the change in the

total area of the droplet, and that the particle packing in the shell remains similar.
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Figure 6. (a) The opening area of the particle layer at the electric pole of the silicone oil droplet covered with
50-um PE particles plotted as a function of the distance between the electrodes. (b) The opening area at the

electric pole of the particle-covered droplet plotted as a function of the absolute value of the droplet

deformation.
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3.3. Effect of droplet size on deformation

To study the influence of the droplet size on the magnitude of the deformation, we
prepared five droplets with different diameters ranging from 1 to 5 mm covered with 50-um
PE particles and subjected to an electric potential. The strength of the electric potential was
increased stepwise from 0 to 4.4 kV with the cylindrical electrode (diameter ~0.6 mm). The
result presented in Fig. 7(a) shows that the magnitude of droplet deformation is consistently
higher for the larger droplet at all electric potentials. This is expected as the magnitude of
droplet deformation is proportional to the droplet size, as a result of the Laplace pressure.
The Laplace pressure of a liquid droplet is written as:

AP=P - P, =27 (AP o ) ()

where o is the surface tension at the droplet interface, R is the radius of the droplet, P; and
P, are the pressures inside and outside of the droplets, respectively. The value of the outside
pressure (P,) is the same for all the droplets, whereas the inside pressure (P;) increased with
the decrease of droplet size. Therefore, higher electric potential is required to deform the
smallest droplet. From the data presented in Fig. 8(a), the magnitude of the droplet
deformation is plotted as a function of the droplet diameter at electric potential of 2.6 kV,
Fig. 7(b). The result demonstrates that the value of the droplet deformation increased with
the size of the droplet. The black line on the log-log plot represents a slope of 1, which shows
a good agreement with the inversely proportional relationship between the Laplace pressure

and the size of the droplet.
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Figure 7. Silicone oil droplet with different diameters (1 to 5 mm) covered with 50-um PE particles formed in
castor oil. The distance between the cylindrical electrode (diameter 0.6 mm) and the bottom (plate shape)
electrode is ~7 mm. (a) The magnitude of the droplet deformation plotted as a function of the electric
potential. The potential was increased stepwise. (b) The log-log plot of the droplet deformation (at electric

potential 2.6 kV) as a function of droplet diameter.
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3.4. Particle image velocimetry (PIV) analysis with different electrode geometries

In previous experiments, we studied the effect of electrode geometry, distance between the
electrodes and different applied electric potential on the magnitude of droplet deformation.
Here, we study such effects on the magnitude and direction of the EHD flows by performing
the particle image velocimetry (PIV) experiment. In this experiment, we prepared a ~4 mm
silicone oil droplet covered with 50 um PE particles and a DC electric potential was related

to different electrode geometries.
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Figure 8. PIV images of a ~4 mm silicone oil droplet covered with 50-um PE particles and placed at the
conductive bottom of the sample cell. (a—f) The droplet was subjected to a fixed DC electric potential of 2.0 kV.
(a—c) Electric potential was applied through three different electrode geometries, i.e. plate electrode,
cylindrical electrode (diameter ~0.6 mm), and a pin electrode (diameter ~0.1 mm), at a fixed electrode
distance of ~7 mm. (d—f) The strength of the electric field was varied by changing the distance between the
electrodes (d) h =7 mm, (e) h =6 mm, and (f) h = 5 mm. (g—i) The droplet was subjected to different strengths
of DC electric potential, i.e. 1.3 kV, 2.0 kV and 2.6 kV, respectively, at a fixed electrode distance of ~7 mm.
Our previous experimental data (Fig. 2, Fig. 3 and Fig. 5) are consistent with the PIV
results. In Fig. 8(a—c), the droplet was subjected to an electric potential of strength 2 kV with
three different sizes of the top electrodes, i.e. plate electrode, cylindrical electrode
(diameter 0.6 mm) and a pin electrode (diameter 0.1 mm). The results of the PIV experiments

confirm that the EHD flows are greatly influenced by the geometry of the electrodes. When

the top electrode was changed from plate to pin electrode, the flow velocity at the tip of the
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electrodes was increased from nearly 0 um s*to ~150 um s™1. We also noticed that in the
non-uniform electric field (pin/cylindrical-plate electrode configuration), the magnitude of
the EHD flow velocity changed with the distance of the electrodes, e.g. in the pin electrode
the flow velocity near the droplet decreased to ~50 um s™%, whereas in the uniform electric
field (plate-plate electrode configuration) the flow increased about ~150 um s™* around the
droplet. This is because in the uniform electric field the field distribution was constant in the
system and the EHD flow velocity around the droplet depended on the particle coverage (for
more details see [26]), whereas in the non-uniform electric field the field strength was
strongest at the tip of the electrode, resulting in a maximum flow, and it became weaker
when it reached the droplet [44]. In Fig. 8(d—f), we kept the fixed DC electric potential of 2.0
kV and changed the distance between the electrodes. When the distance was decreased
from 7 mm to 5 mm, the EHD flow velocity at the tip of the electrode increased from ~500
um st to ~550 um s71. In Fig. 8(g—i), we kept the electrode distance fixed and the droplet
was subjected to different DC electric potentials (1.3-2.6 kV). We found that EHD flow at the
tip of the electrode was weaker at the lower electric potential, e.g. 1.3 kV, and the flow
velocity was ~200 um st. When the potential was increased to 2.6 kV the flow velocity
increased to ~550 um s™1. This is because when we minimized the space between the
electrodes or increased the electric potential, the surface charge density increased around

the pin electrode, resulting in stronger EHD flow velocity.

4. Conclusions

In this study, the deformation of particle-covered droplets was analyzed according to the
distance between the electrodes and their geometry. It was found that at a constant
electrode distance, the magnitude of the droplet deformation was strongest with the plate
electrode, whereas the weakest deformation was observed with the pin electrode.
Interestingly, we found the crossing point on the magnitude of the deformation curve with
two different sizes of electrodes when it touched the droplet. To compare our experimental
results with our theoretical calculation, we also estimated the magnitude of the droplet
deformation by using the Taylor model for different electrode geometries. The results show
good qualitative agreement with the experimental results, but the magnitude of the droplet

deformation is consistently smaller than the corresponding experimental results. This is
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because the Taylor model does not account for the effect of surface charge convection,
which affects the magnitude of the droplet deformation by reducing it.

In another experiment we studied the structuring of the particles at the droplet interface
in a non-uniform electric field and created an opening area at the interface. The size of the
opening area can be controlled by changing the electrode distance as well as the applied
electric potential. We also showed that the opening area directly depends on the magnitude
of the droplet deformation. In the PIV experiment we found that the EHD flow is strongly
influenced by the geometry of the electrodes, the space between the electrodes, as well as
the applied electric potential. In the case of the non-uniform electric field, the strongest EHD
flow was observed around the tip of the pin electrode, whereas the weakest flow was found
around the droplet. But in the uniform electric field, the flow was stagnant around the plate
electrode (top electrode), whereas near the droplet it became stronger.

The findings of our studies are important for applications in electro-coalescence as well
as electro-emulsification. They are also important for designing electrodes for droplet-based
microfluidic systems. We expect that our work will influence further studies on the effect of

a non-uniform electric field on EHD deformation of particle-covered droplets.
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