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Abstract

Liquid marbles are defined as hydrophilic liquid droplets that are coated with hydrophobic
powdered materials. Till now, the behaviour of liquid marbles has been studied for triphasic
systems comprising of the constituent hydrophilic phase, the hydrophobic coating and
ambient air. In this article, we report the dynamics of aqueous droplets of varying pH (i.e.
acidic, neutral and basic, respectively) moving under the influence of gravity in commonly
available mustard oil. We find that the said dynamics could be divided into four parts: (i)
formation of hanging aqueous droplets from the top surface of oil, (ii) oblate spheroid droplets
moving at constant velocity due to viscous drag, (iii) distant repulsive interactions between
two droplets due to “reverse Cheerios effect” and (iv) final impact between the two droplets
explained by viscoelastic sliding friction over a compliant surface. This work would be of
great interest to researchers working in the domain of interfacial phenomena like oil
exploration, biomedical engineering, food technology and towards the realization of droplet-
based microfluidic computational platforms for “more than Moore’s” paradigm in the domain

of unconventional computation.
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Introduction
Liquid marbles are defined as liquid droplets (generally hydrophilic) that are covered by

hydrophobic powdered solids. These droplets would not spread on the surface and would be
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very easy to move around by application of a little amount of force. Movement of these
structures would not have any interference due to the nature of the substrate. The structural
integrity of the said “liquid marble” is always intact because the constituent fluid leakage is
prevented by the hydrophobic coating. All the above mentioned studies were conducted in
triphasic systems: comprising of aqueous droplets in the core, hydrophobic powder as coating
to the said droplet and ambient air. Thus, to form liquid marbles, an aqueous drop capped with
a hydrophobic material is required [1, 2]. There have been several studies pertaining to the
triphasic dynamics of liquid marbles [3-10]. The most commonly available hydrophilic and
hydrophobic materials are water and oil. Dynamics of oil-water interfaces have been well
studied for the generation of alternating currents upon application of DC voltage [11] and the
flattening of the interfacial menisci at extremely alkaline pH [12].

In this article, we report the dynamic behaviour of aqueous droplets acting as liquid marbles
in oil environment starting from: (i) formation of small hanging droplets at the top surface of
the oil, (ii) secession of the aqueous droplet to form an oblate spheroidal shape, (iii) distant
repulsive interaction between two droplets and (iv) physical impact between the two droplets
explained by the movement of the deformable viscoelastic water capsules over a compliant
surface (in this case, another viscoelastic droplet).

Materials and Methods

5 ml. of commercially available mustard oil was taken in three (03) glass test tubes (diameter:
~ 1.6 cm.). 150 microliters of food grade vinegar, normal drinking water and aqueous solution
of food grade baking soda were added to each of the test tubes marked A, N and B,
respectively. Vinegar used contained 4% acetic acid [13], 0.1 g baking soda was dissolved in
10 ml of normal drinking water. The baking soda powder contained ~12.29 mEq. sodium
bicarbonate (i.e. 59 mEq. in 4.8 g) [14]. Vinegar and aqueous solution of baking soda were

used as an acid and a base, respectively. The dynamics of sinking aqueous droplets were
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recorded using a Nikon D3400 DSLR camera, at a speed of 60 frames per second (fps).
Experimental setup is shown in Fig. 1. The video furnished as supplementary information

shows the dynamics at half'the actual speed i.e. the video speed is 0.5x.

Fig. 1 (Left panel) Experimental setup showing three test tubes filled with mustard oil & the
camera used for the recording. (Right panel) Diameter of the test tube measured to be ~ 1.6
cm.
Results and Discussion

1. Hanging aqueous droplets from the top
At the beginning when the aqueous droplet was put into oil, it formed a hanging droplet at the
top surface of the oil in the test tube. The same can be seen in Fig. 2 for the acidic (A),

neutral/normal (N) & basic (B) aqueous solutions, respectively.
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Fig. 2 Hanging aqueous droplets at the top of oil surface seen in the three test tubes, labelled
(a) acidic (A), (b) neutral/normal (N) and (¢) basic (B).

The droplets hung at the top till they reached a critical volume, when their respective weights
were counterbalanced by the buoyant forces & surface tension [6]. The schematic diagram

depicting the mentioned phenomenon is shown in Fig. 3, as follows:
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Fig. 3 Schematic diagram showing the hanging aqueous droplets, with their weights
(gravitational force, Fy) balanced by the forces of surface tension (Fs) and buoyancy (Fy). The
vectorial representation of the surface tension forces is also shown. The triangle in the inset
showing the vector addition for surface tension balance is known as a “Neumann triangle” [6].
1I.  Oblate spheroidal droplet moving in viscous drag
When the volume of the drop hanging from the top exceeds the force balancing limit (i.e.
Fg > Fp + Fs, where Fg, Fp & Fs are weight, buoyant force and surface tension force,
respectively), the aqueous droplet starts to sink into the viscous mustard oil medium. The
shape of the droplet during the downward movement appeared to be that of an oblate
spheroid. Before we proceed any further with theoretical analyses of the dynamics of aqueous
droplets, the approximation of the oblate spheroid into perfect spheres is warranted. For this

purpose, we use the concept of sphericity. Sphericity is defined as the measure of how closely
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an object resembles to a perfect sphere [15], and is defined by the relationship given in

equation 1:

Asphere ( 1)

Sphericity,S =
Aobiect

where, Asphere denotes the surface area of a perfect sphere whose volume is equal to the
volume of the object we intend to compute the sphericity of and Aopjec: is the surface area of
the said object. Sphericity and surface area of an oblate spheroid S,» and A.» are given by

equations 2 [15] & 3 [16].

2a°/3 ()
Sob:
14+ a? ln(Z—a2+2\/1—a2)
21— a2 a*
T 1+VT=aZ 3
Aob =—— {2V1 — a? + c?In (——— ©)
V1= aZ 1-VI—a?

where, a (< 1) is the ratio of minor axis to major axis of the spheroid & c is the minor axis of

the spheroid. Thus, the radius of the equivalent sphere can be calculated as

1 “)
Teq = \/Esob X Aob

Since the droplet appeared to move at a constant velocity, the movement of thus discussed
oblate spheroid droplet can be explained by the viscous drag movement due to the viscosity of
the oil environment [17]. The oil environment is hydrophobic in which the aqueous droplet is
sinking, a very important dimensionless parameter called Bond number, B [18], ought to be
defined as

B = _pegrezq (5)
Yow

where, pe: effective density of the aqueous droplet, pwater—poit;
Teq: as defined in equation 4;

g: acceleration due to gravity;
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Yow: surface tension between oil and water;

The Bond number is a measure of the gravitational and surface tension forces acting on the
aqueous droplet. It helps us in understanding the shapes and dynamic behaviour of the said
droplets.

1ll.  Distant repulsive interactions of aqueous droplets

We observed that when one droplet was sitting at the bottom of the test tube and the other one
was sinking, the two droplets repelled each other from a distance. This observation was
consistent for acidic, neutral and basic solutions, respectively. The said tele-repulsive
behaviour has been shown in Fig. 4(i), 4(ii) & 4(iii) as screenshots of the video (shared in the

supplementary information).
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Fig. 4 Screenshots of the dynamic interactions of (i) acidic (A), (ii) neutral (N) and (iii) basic (B) aqueous droplets in mustard oil. For each

system, the sequence of events followed the order (a)-(f).
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The repulsive interaction between the two droplets (as shown in Fig. 4) could be explained by
a well-studied reverse/inverted Cheerios effect [19, 20], in which the force of interaction is

given by the relationship given in equation 6.

F =—2ny r B”/2I2K (_) (6)
c oil eq Lcl

where, you: surface tension of oil;
req: Equivalent radius of the aqueous droplet (as calculated from equation 4);

B: Bond number;

[:20-1; p = P9oP% () density);
3 Poil

Ki: Modified Bessel’s function of first kind;

4: Instantaneous distance between the droplets;

L., capillary length (= N Yol ; g acceleration due to gravity;
PleQ

The repulsive behaviour reported here is attributed to the reverse/inverted Cheerios effect
only because of the low Reynolds number (i.e. laminar) flow of the droplet, which would not
account for the hydrodynamic pushing of the droplet at the bottom. That is why we see that
droplets of different pH repel their counterparts with different intensities (video is given in
supplementary information); otherwise all of them would have been pushed equally if only a
hydrodynamic push were a reason. The other forces acting on the aqueous droplets are
gravitational force and viscous drag. Thus, the force balance equation for interacting and

sinking droplets in viscous hydrophobic environment is given as follows:

ao 4
6y r __ +2my r B/ZFZK( )—(p —p, )>< r3 X g ™)

oil eq dt oil eq water 3 g
The first term on the L.H.S. denotes the viscous drag, with poii being the dynamic viscosity of
. ds | . . .
oil and - being the instantaneous velocity of the droplet; the second term denotes the

repulsive interaction force (reverse/inverted Cheerios effect). These two forces add up

11
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together to balance the weight of the sinking droplet (thus preventing it from accelerating i.e.
moving at constant velocity).

1V.  Physical impact between two aqueous droplets

Final stage of dynamic behaviour of aqueous droplets accounts for impacting & sliding of one
viscoelastic droplet over another. Since the two droplets being studied are submerged in a
hydrophobic environment, they don’t coalesce with each other (as it is evident from the video
in the supplementary information) thus resulting in a non-coalescing collision. Such collisions
can be well studied with the aid of a dimensionless quantity known as Weber number (We)
[9], defined as the ratio of deforming inertial forces (like weight etc.) and (de)stabilizing
forces (like electrostatic interactions, surface tension etc.).

2 X Teq X (pwater - poil) dé ‘ (8)
We = X (77
Yow dt

Here % is expressed at the time of impact. Another parameter that plays a key role in the

impact outcome is the offset ratio, which is given by the ratio of the axial distances to the

effective diameter of droplets. The offset ratio can be represented as

=% )
2 X Teq

Post collision, the aqueous droplets were observed to be smoothly sliding over each other (as
seen in the video provided in the supplementary information). The same behaviour could well
be explained using viscoelastic sliding resistance while droplets move over compliant
surfaces, as has been discussed by many eminent researchers.

Conclusions

In this article, we have studied the dynamics of aqueous droplets in a hydrophobic
environment moving under the action of gravity. These aqueous droplets have been argued to
behave as liquid marbles, as by definition liquid marbles are hydrophilic liquids surrounded

by hydrophobic coating that prevents the constituent liquid from leaking and spreading on the
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surface. We have discussed the dynamics of these droplets by dividing them broadly into four

domains: (i) starting from their introduction at the top of oil surface, forming hanging droplets

reasoned by Neumann triangles, (ii) formation of oblate spheroids after getting detached from

the top due to excess weight of the droplets and moving down under the action of gravity at

constant velocity, (iii) distant repulsive interactions between the two aqueous droplets owing

to “reverse/inverted Cheerios effect” and (iv) final physical impact of the sinking droplet on

the stationary droplet sitting at the bottom of the test tube. This behaviour was explained by

the non-coalescing collision followed by viscoelastic sliding friction over a compliant surface.

Determination of the phenomenon of sliding can be carried out further by the researchers

working in this domain. This work would be of immense interest to scientists and researchers

working in the domain of interfacial sciences including oil exploration from water bodies

[21], food technology [22], biomedical engineering [23] and towards the realization of

microfluidic computational platforms for “more than Moore’s” paradigms [24].

References

[1].P. Aussilous, D. Quere, Nature, Liquid marbles, 411, 924-927 (2001).

[2].P. Aussilous, D. Quere, Proc. R. Soc. A, Properties of liquid marbles, 462, 973-999
(2006).

[3].C.H. Ooi, N-T Nguyen, Microfluid Nanofluid, Manipulation of liquid marbles, 19,483—
495 (2015).

[4].C.H. Ooi, A. van Nguyen, G.M. Evans, O. Gendelman, E. Bormashenko, N-T Nguyen,
RSC Adv, A floating self-propelling liquid marble containing aqueous ethanol solutions,
5, 101006 (2015).

[5].C.H. Ooi, R.K. Vadivelu, J.S. John, D.V. Dao, N-T Nguyen, Soft Matter, Deformation of

a floating liquid marble, 11, 4576 (2015).

13


https://doi.org/10.20944/preprints202102.0469.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2021 d0i:10.20944/preprints202102.0469.v1

[6].C.H. Ooi, C. Plackowski, A.V. Nguyen, R.K. Vadivelu, J.A.S. John, D.V. Dao, N-T
Nguyen, Floating mechanism of a small liquid marble, Sci Rep, 6, 21777 (2016).

[7].C.H. Ooi, E. Bormashenko, A.V. Nguyen, G.M. Evans, D.V. Dao, N-T Nguyen,
Langmuir, 32, 6097-6104 (2016).

[8].C.H. Ooi, A.V. Nguyen, G.M. Evans, D.V. Dao, N-T Nguyen, Sci Rep, Measuring the
coefficient of friction of a small floating liquid marble, 6, 38346 (2016).

[9].T.C. Draper, C. Fullarton, R. Mayne, N. Phillips, G.E. Canciani, B.P.J. de Lacy Costello,
A. Adamatzky, Soft Matter, Mapping outcomes of liquid marble collisions, 15, 3541-
3551 (2019).

[10]. K.R. Sreejith, L. Gorgannezhad, J. Jin, C.H. Ooi, T. Takei, G. Hayase, H. Stratton, K.
Lamb, M. Shiddiky, D.V. Dao, N-T Nguyen, Core-shell beads made by composite liquid
marble technology as a versatile microreactor for polymerase chain reaction,
Micromachines, 11, 242 (2020).

[11]. A. Kushagra, A. Pandey, A. Giri, D. Bazal, A K. Pradhan, S.R. Rai, AIP Advances,
Faraday instabilities leading to electrochemomechanical generation of sub-uA AC upon
application of DC voltage across freestanding oil-water interfaces, 10, 055016 (2020).

[12]. A. Kushagra, A.K. Pradhan, D. Bazal, [EEE Sens Lett, pH-dependent
electrochemomechanical transition of hydrophobe-water interface, 3, 4500804 (2019).

[13]. M. Stratford, Encyclopedia of Food Microbiology, PRESERVATIVES | Traditional
Preservatives — Organic Acids, 1729-1737 (1999).

[14]. S.A. Al-Abri, K.R. Olson, J Med Toxicol, Baking Soda Can Settle the Stomach but
Upset the Heart: Case Files of the Medical Toxicology Fellowship at the University of
California, San Francisco, 9, 255-258 (2013).

[15]. T. Li, S. Li, J. Zhao, P. Lu, L. Meng, Particuology, Sphericities of non-spherical

objects, 10, 97-104 (2012).

14


https://doi.org/10.20944/preprints202102.0469.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2021 d0i:10.20944/preprints202102.0469.v1

[16]. Oblate spheroid, https://mathworld.wolfram.com/OblateSpheroid.html, accessed on

18™ February, 2021.

[17]. G.B. Jeffery, Proc R Soc Lond A, The motion of ellipsoidal particles immersed in a
viscous fluid, 102, 161-179 (1922).

[18]. C.H. Ooi, Manipulation of the Floating Liquid Marble, Doctoral dissertation, Griffith
University (2016).

[19]. S. Karpitschka, A. Pandey, L.A. Lubbers, J.H. Weijs, L. Botto, S. Das, B. Andreotti,
J.H. Snoeijer, Proc Natl Acad Sci USA, Liquid drops attract or repel by the inverted
Cheerios effect, 113, 7403-7407 (2016).

[20]. B. Majhy, S.K. Jain, A.K. Sen, J Phys Chem Lett, Attraction and Repulsion between
Liquid Droplets over a Liquid Impregnated Surface, 11, 10001-10006 (2020).

[21]. Z. Chu, Y. Feng, S. Seeger, Angew Chem Int Ed, Oil/Water Separation with Selective
Superantiwetting/Superwetting Surface Materials, 54, 2328-2338 (2015).

[22]. P.G. De Gennes, C. Taupin, J Phys Chem, Microemulsions and the flexibility of
oil/water interfaces, 86, 2294-2304 (1982).

[23]. D. Bracha, M.T. Walls, C.P. Brangwynne, Nat Biotechnol, Probing and engineering
liquid-phase organelles, 37, 1435-1445 (2019).

[24]. T.C. Draper, C. Fullarton, N. Phillips, B.P.J. de Lacy Costello, A. Adamatzky, Sci

Rep, Liquid marble actuator for microfluidic logic systems, 8, 14153 (2018).

15


https://doi.org/10.20944/preprints202102.0469.v1

