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ABSTRACT

In this Letter, we report a novel phenomenon—that the multi-lobed rotation of a droplet can occur when controlling only its volume and
without the use of external devices, which is quite different from previous studies. This phenomenon is based on the interfacial reaction
causing the droplet rotation effect. In such a system, the angular velocity and lobe number show an inversely linear relationship with the
droplet radius. By controlling the volume of a droplet, we can manipulate it to form four-, three-, and two-lobed shapes. Simple models are
also proposed to explain this phenomenon. The results indicate that this phenomenon is consistent with the theory of Scriven and Brown.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0137859

The rotation and the deformable shapes of droplets are enduring
topics of interest and hold great significance in fluids mechanics," "
nucleonics,” superfluids,” * and astrophysics.” Droplet rotation also
has significant application prospects in devices such as micro/nano-
motors, microfluidics chips, and foldable devices.'”'" The relevant
work on the behavior of a rotating droplet can be tracked back to the
experiments carried out by Plateau in 1863." In Plateau’s experiments,
a droplet was immersed in a density-matched aqueous phase to bal-
ance gravity and leave the droplet effectively weightless.”'” The drop-
let was then rotated, and its deformation was observed. As a simple
and effective method, the method that immerses droplets in isopycnic
background fluids is still the main way to observe the deformation of
droplets until now.'*'” However, in such a system, the surrounding
fluid exerted a large viscous drag on the rotating droplets, which
induced unwanted influences, e.g., the viscous resistance on droplet
rotation, unwanted deformation of droplets caused by the surrounding
fluid, etc.'®" In this system, the droplets were also difficult to control
and spin.

In relevant research studies on droplet rotation and deformation,
some effective alternatives were proposed to carry out the experiments
of droplet rotation in a simpler, more precise way. Examples included
employing magnetic suspension' " or acoustic levitation”’ > to over-
come the gravity of a droplet and to further reduce the effect of the
surrounding liquid. In related work, Hill and Eaves proposed a
method that employs a “liquid electric motor” designed to overcome
gravity by diamagnetic levitation and drives droplets to spin by an

applied Lorentz force.”'® However, this research heavily depends on
complex or specially designed devices or conditions. Furthermore, in
this study, the droplet deformation is realized by controlling the angu-
lar velocity of the droplet. Gu et al. presented an acoustofluidic centri-
fugation technique that leverages an entanglement of acoustic wave
actuation and the spin of a fluidic droplet to enable nanoparticle
enrichment and separation.”’ In the above and other similar research
studies, the external assistant devices are still indispensable for droplet
rotation and deformation observation.

In the ways that get rid of external devices, some researchers have
made beneficial attempts and achieved important advances. Pimienta
and her coworkers discovered that different water-saturated dichloro-
methane droplets can form various shapes during rotation on the sur-
face of aqueous solutions of cetyltrimethylammonium bromide
(CTAB).”*** Chakrabarti reported that a volatile droplet deposited on
a floating swellable sheet can exhibit spontaneous motion including
anticlockwise rotation with a star shape.”> However, the volatilization
of the droplet results in a shorter rotation life. Recently, studies on the
collective motions of active particles*”” and thermal gradients driving
droplet rotation”**” have provided novel and promising ways to study
droplet rotation and deformation in a simple and spontaneous way.
Such research studies generally do not require external devices and
remove the influence of the surrounding liquid. These research studies
attracted broad interest in the fields of active matter, droplet self-
motion, etc. However, there are insurmountable shortcomings in that
the angular velocity is difficult to control and, furthermore, it is hard

Phys. Fluids 35, 021705 (2023); doi: 10.1063/5.0137859
Published under an exclusive license by AIP Publishing

35, 021705-1

£6:0G:10 5202 Aenuer p|


https://doi.org/10.1063/5.0137859
https://doi.org/10.1063/5.0137859
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0137859
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0137859&domain=pdf&date_stamp=2023-02-13
https://orcid.org/0000-0002-1441-5456
https://orcid.org/0000-0003-1526-3244
mailto:zl.wang1@siat.ac.cn
mailto:kui-cee.lin@polyu.edu.hk
https://doi.org/10.1063/5.0137859
https://scitation.org/journal/phf

Physics of Fluids LETTER

to make the droplet to deform. Wang et al. found that acid droplets
can continuously and spontaneously rotate on the surface of liquid
metal. However, the multi-lobed shapes during rotation have not been
reported.”””" Despite these efforts on the rotation of droplets, finding
simple yet effective ways to drive a droplet to rotate with different
multi-lobed shapes is still a challenge. In recent years, due to the prop-
erties of fission and multi-lobed shapes, droplet rotation, as an effective
model in physics, has received much attention in many fields, such as
the atomic nucleus, superfluid droplets, and black holes.”” ** The
search for a non-immersive, simple, and effective driving mode with
which to study multi-lobed deformation has been viewed as highly
important.

Here, based on previous work on the interfacial reaction causing
droplet rotation (IRCDR) effect,’””" we report a novel approach in
which a rotating droplet deforms into a multi-lobed shape on the sur-
face of a liquid metal without any external setup. Moreover, the drop-
let deformation variation is controlled by changing the volume of the
droplet, which is quite different from the previous reports that drive
the droplet to rotate and produce deformation by controlling angular
velocity. ™" Compared to other mechanisms of droplet spontane-
ous rotation, e.g., the collective motion of active particles and thermal
gradient, this method has a wider angular velocity range and a more
stable rotation state. Moreover, it is also easier to control the deforma-
tion and multi-lobed rotation of a droplet by controlling the volume of
the droplet. In the experiments, liquid metal and acid droplets are
used. The acid droplet is deposited on the surface of a liquid metal.
Chemical reactions occur between the droplet and liquid metal. The
reactions lead to the dynamic Marangoni force at the contact line,
which breaks the asymmetry of the droplet and drives the droplet to
rotate under the action of circumferential non-equilibrium Laplace
pressure, as reported previously.”””' Under proper conditions, by
changing the volume, a rotating droplet can exhibit multi-lobed shapes
with two to four lobes. Simple models are proposed to illustrate this
phenomenon. Our work offers a novel way to study the multi-lobed
shapes of a rotating droplet.

To exhibit this phenomenon, we employed a liquid metal (65%
Ga, 35% In, Shenyang Northeast Nonferrous Metals Market Co. Ltd)
and dilute sulfuric acid droplets (pH: 0.55, volume V: 0.5-2.5ml, 98%,
Sinopharm Chemical Reagent Co., Ltd, Milli-Q IQ 7000). In the
experiments, the oxide film forming on the surface of the liquid metal
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had to be scraped off because it could hinder the chemical reaction
and pin the contact line, inhibiting the movement of droplets.™ In this
system, the droplet is driven to rotate due to interfacial chemical reac-
tions, ie., the IRCDR effect.””! In this phenomenon, the droplet
boundary begins to oscillate under the surface tension gradient caused
by the interfacial chemical reactions. The symmetry of the droplet
breaks in this oscillation. The droplet is driven to rotate under the
action of circumferential asymmetric Laplace pressure resulting from
the curved contact line, as reported in the previous work.”””" This
approach that utilizes the IRCDR effect to drive droplets to rotate
eliminates the viscous drag effect of the surrounding liquid and gets
rid of the external driving devices. The observational apparatus is
designed to provide a good view, as shown in Fig. 1(a). The experi-
mental platform consists of a CCD, a droplet injection system, and an
optical system. The injection pump controls the droplet volume. The
optical system consists of a light source and a beam-splitting prism.
The beam-splitting prism is employed to enhance the imaging of the
droplet.

Figure 1(b) shows different rotational modes, including two-,
three-, and four-lobed shapes, with different droplet volumes. The
droplet experiences four-lobed, three-lobed, and two-lobed shapes
with increasing volume. The angular velocity Q decreases from four-
lobed to two-lobed shapes. The volume of the droplet dominates the
movement patterns under the action of Marangoni instability.”” This
is interpreted by considering the wavelength associated with the
Marangoni instability and the characteristic length of the droplet.”” In
addition, the waves traveling around the droplet equator can drive the
droplet to spin, and the small perturbations with different amplitudes
lead to varied rotating shapes."” On the surface of the liquid metal, an
acid droplet reacts with the liquid metal as 2Ga+ 3H,SO,
= =Ga,(S0,); + 3H,1. The reactions at the droplet boundary lead to
an oscillation of the surface tension gradient at the area near the con-
tact line. With different droplet volumes, this oscillation causes the
perturbation of the droplet boundary to different extents. Moreover,
during the rotation, the tiny bubbles at the interface can significantly
reduce the friction between the droplet and liquid metal, leading to
obvious slippage of the droplet according to previously reported
work.”**

Two kinds of multi-lobed droplet shapes, including the pipette-
immersed droplet and the free droplet, are shown in detail in Figs. 2
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FIG. 1. (a) The experimental equipment used in the experiments. (b) The modes of the multi-lobed rotating shapes of the droplet controlled by V. The shapes change from

four- to three- and two-lobed as V increases. The angular velocity decreases with V.
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FIG. 2. The multi-lobed shapes and angular velocities Q of different droplets. (a) Two-, three-, and four-lobed rotations with the pipette immersed in the liquid to constrain the
position of the droplet. (b) The RA vs t of the free droplets (V: 1 and 1.25ml). (c) The comparison of angular velocity in different cases (pipette constraints). Q decreases with
the droplet lobe number, i.e., the droplet shape changes from four-lobed to two-lobed. (d) Three- and four-lobed rotations of a free droplet on liquid metal. (e) The RA of the
droplets (V: 1, 1.25, and 2 ml, pipette constraints) vs t, showing a linear relationship that indicates a constant and steady rotation. (f) The angular velocity comparison of the

free droplet, which is similar to the cases with the pipette constraint.

and 3. The pipette is immersed in the liquid to constrain the position
of the droplet to obtain a stable rotation state. The droplet volumes
adopted, corresponding to different shapes for both kinds of deforma-
tions, are 1.0ml (four-lobed), 1.25ml (three-lobed), and 2ml (two-
lobed), respectively. Figures 2(a) and 3(a) (Multimedia view) show the
three shapes of the rotating droplets with a pipette immersed in the
liquid. In the upper row, the two-lobed shape is shown. In this situa-
tion, the droplet exhibits a shape similar to an “S” and rotates about
56° in 0.2s. In the middle row, the three-lobed shape is shown. This

0.1 x speed

Two-lobed shape

Three-lobed shape Four-lobed shape

(b) Three-lobed shape

§ | |

FIG. 3. (a) The multi-lobed shapes of a rotating droplet (pipette immersed case).
(b) The multi-lobed shapes of a rotating droplet (free droplet case). (c) The long-
time rotation of a rotating droplet with the three-lobed free droplet as an example.
Multimedia views: https://doi.org/10.1063/5.0137859.1;  https://doi.org/10.1063/
5.0137859.2; https://doi.org/10.1063/5.0137859.3

Four-lobed shape
V~1ml

droplet is like a three-pronged windmill. In 0.23 s, it rotates about 111°.
In the lower row, the four-lobed droplet shape is shown. It is like a
Galium bungei Steud. It rotates about 122° in 0.23 s. Figure 2(b) show
the relationships between the rotation angle ¢ and time t. From the
results, ¢ increases linearly with ¢ for all kinds of shapes. This indicates
that the droplet rotation is stable and constant. Different slopes indicate
varied angular velocities of the rotating droplets. Figure 2(c) shows the
angular velocity Q comparison of different types of rotation. The results
show that Q increases as the lobe number m increases, ie., as V
decreases. Figures 2(d)-2(f) and 3(b) (Multimedia view) show the cases
of free droplets. The three-lobed and four-lobed free droplets rotate
about 73° and about 96° in 0.23 s, respectively. For free droplets, the
oversized volume that is larger than the three-lobed case can lead the
droplet to be unstable and prone to split into two individual droplets
(supplementary material, Fig. S1). The rotation of the droplet generally
lasts tens of seconds. The droplet then tends to come to rest as the con-
centration of the reactive substance drops below a certain threshold.
The long-time, three-lobed rotation of a free droplet, as a typical case,
is shown in Fig. 3(c) (Multimedia view).

The deformation degree of the cases in Fig. 2, the relationship
between the rotational lobe number #1, and the volume V are shown in
Fig. 4. The deformable droplet is simplified into the model as shown in
Fig. 4(a). The deformation degree is characterized by W;=L/R; (I;: the
axis length of the droplet lobe; R;: the initial droplet radius), which repre-
sents the comparison between the maximum deformation length and
the characteristic length. The dotted line and the dashed-dotted line
represent the initial droplet profile and the maximum circumference of
the deformation shape, respectively. In Fig. 4(b), the deformation
degrees for both cases are shown: Wi, ~ 148, W3~ 1.39, and Wy
~1.36 (pipette immersing droplet) and W;;' ~1.24, Wy, ~1.17 (free
droplet). It can be seen that as V increases, W; increases and m
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FIG. 4. A diagram of the droplet deformation and the simple analytical model. (a) The simplified model of a droplet after deformation and the parameters characterizing the
deformation degree. The dotted line and dash-dotted line represent the initial cycle droplet (radius: R;) and the maximum circumference of the droplet after deformation (radius:
1), respectively. (b) The deformation degree W of the multi-lobed shapes of rotating droplets. (c) The diagram of perturbation of the boundary for a small droplet (Rs) and a
large droplet (R)). (d) The analysis model of the droplet lobe number vs the droplet radius. (e) A comparison of the experimental data and an analytical model-fitted curve. The

two results show good agreement.

decreases. The rotating droplet shapes and the response of m to V are
analyzed with a simplified model. In Fig. 4(c), the droplet boundary
deformation of a small droplet (radius R,) and a large droplet (radius R))
is illustrated, where R < Ry. The solid line and dotted line represent the
initial contact line and the perturbed boundary, respectively. Chemical
reactions at the contact line lead to a surface tension gradient, causing
boundary oscillation. According to the previous work on the unified
analysis of droplets on a substrate, "’ we can carry out the following sim-
plified analysis. We can select one point in the contact line of the small
and large droplets, respectively. The Laplace pressure at this point can
be calculated as Ap=7/(R,, + R,), where Ry, is the curvature radius in
the perpendicular cross section to droplet-liquid metal interface at this
point, and R, is the curvature radius of the orthogonal cross section to
R,,. R, is determined by the contact angle and the capillary length of the
droplet. In the cases of small and large droplets, the contact angle and
capillary length are the same. Thus, R;, is the same in both cases. In the
orthogonal cross section, the projection of R, on the droplet-liquid
metal interface equals to the droplet radius, i.e., Ry = Ry/sin 0, for small
droplet and R, = Ry/sin 0, for large droplet, respectively. 0, is the equi-
librium contact angle of a droplet on the surface of liquid metal.
According to the Laplace equation, the small droplet has a stronger resil-
ience, ie., P/(R, + Ry/sin0.) > y/(R, + Ry/sin0). Thus, the small

droplet has a stronger inhibition on the fluctuation of the contact line. It
tends to have a smaller perturbation than the larger droplet.

For a rotating droplet, the deformation of the droplet is domi-
nated by a force balance between the surface tension, constant pres-
sure, and centrifugal force according to the analysis of Brown and
Scriven."' The relationship is expressed as

2Hy = Apy + Q*RAp, (1)

where H = divn is the local mean curvature of the droplet surface, n is
the unit normal vector to the surface, 7 is the surface tension, Ap is the
density difference between the droplet and the surrounding fluid, Q is
the angular velocity of the droplet, R is the radius of the rotating drop-
let, and Ap, is the pressure difference across the droplet surface at the
axis of rotation. m is calculated as m = 27n/4ys, where  is the circum-
ferential angle corresponding to a quarter wavelength [Fig. 4(d)]. We
could assume a case in which the boundary propagates outward in the
form of an arc, experiences a nonequilibrium B; stage, and keeps a
force balance at the B, stage. At B,, the local curved boundary is tan-
gential to the overall droplet radius Ry, i.e., the radius of the local
curved boundary Ry, is perpendicular to R,,. Thus, we have the relation
tany = Ry/R,,, i.e., y = arctan(Ry/R,,). The force balance at this stage
is y/R,=¢, where &= Apy+ pQ°R,,. The local radius R, can be
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written as Ry, = 7y/¢. Then, substituting the formula for Y and Ry, into
that for m, we can get

Lo -1
m= g (arctan &%W) . 2)

There is a relationship between the volume V of the droplet and
the droplet radius R, i.e., V= 7R, h. h is the thickness of the droplet
as the acid droplet shows a pancake shape on the surface of liquid
metal. It is related to the capillary length and the equilibrium contact
angle. The capillary length is expressed as k' = (ylv/pg)” 2, where 7},
is the liquid-vapor interface tension, p is the density of the liquid, and
g is the gravitational acceleration. The droplet surface can be regarded
as the combination of a flat part in the bulk and a curved part in the
boundary of the droplet. The thickness of the droplet can be recast in
terms of the capillary length h = 2k~ 'sin(0,/2), where 0. is the equilib-
rium contact angle. Thus, the droplet radius R,, can be expressed with
the volume of droplet V as R,, = (V/ )2,

-1

n ( (k) ‘“)

m = — | arctan— . 3)

2 14 V1/2
Figure 4(e) shows the comparison of the proposed model and experi-
mental data on the relationship between m and V. The dots are
obtained from experimental results, and the dotted line is the theoreti-
cal fitting with the model. For relatively large values of droplet volume,
the droplet lobe number m decreases with the volume V, which is con-
stant with the experimental results. When the droplet volume tends to
be infinitely small, the repression of the droplet surface tension on the
droplet surface oscillation will tend to infinity, which results in the
reduction of the lobe number 1 of the droplet as shown in the fitting
curve.

From the above experimental results and discussion, it is seen
that Q is inversely proportional to R. A simple model is employed to
explain this phenomenon. The rotation originates from the boundary
oscillation of the droplet. The change in energy is related to the droplet
perimeter. When the droplet radius changes from R, to R (assuming
R=0uR,, the subscript “0” represents the initial state of the droplet),
the energy variation related to the droplet rotation changes to 0AE
from AE. The energy variation AE can be expressed as

scitation.org/journal/phf

21 (R 27 R
AE = 1J J phd¥dRv* = p_hj dﬁJ Q*R*dR = 1MQZR3, (4)
2)o Jo 2 Jo 0 3
where p is the density of droplet; 4 is the constant thickness of the drop-
let, which is related to the capillary length since the droplet has a pan-
cake shape with a constant thickness on liquid metal. ¢ and R represent
the two polar coordinates. v is the velocity of the liquid unit. Thus, the
energy variations corresponding to the initial case R, and the current
case R are AE = 1phQy°Ry’/3 and o AE = mphQ>(0R,)’/3, respectively.
Thus, we get 02 = Qy, or alternatively, /Qy = 1/ = Ry/R. Thus, Q is
inversely proportional to R. The experimental results shown in Fig. 5(a)
exhibit a linear relationship between R and Q, which validates this
analysis.

From the theory of Brown and Scriven and subsequent

work,'”*"** the deformation of a rotating droplet can be characterized

by the dimensionless angular velocity Q' = /pQ*R3/8y. When &
reaches 0.56, a two-lobed “peanut” shape is observed. As Q' reaches 0.71
and 0.75, the three- and four-lobed family branches out from the axi-
symmetric shapes. For a volume-controlled rotating droplet, the rotation
lobe distribution is approximately consistent with that from classical the-
ory. Multi-lobed shapes occur within the following ranges: two-lobed €/
~ 0.52 to Q' ~ 0.68, three-lobed Q" ~ 0.71 to Q' ~ 0.76, and four-
lobed Q' ~ 0.74 to Q' ~ 0.79 [Fig. 5(b)]. The distribution of multi-
lobed shapes according to the plot of R and €' is shown in Fig. 5(c). The
dots from the experimental data agree with the theory curve.

In summary, we have studied the multi-lobed shapes of rotating
droplets based on IRCDR in this work. The deformation of rotating
droplets is of great significance in fluids mechanics, nucleonics, and
astrophysics. By controlling the volume, a droplet can develop four-,
three-, and two-lobed shapes. This method differs from the previous
ways of realizing the multi-lobed rotation of droplets by controlling
the angular velocity with the assistance of external devices. A simple
model has been proposed to explain the relationship between the
droplet lobe number n and the droplet radius R. In addition, the
dimensionless angular velocities Q' have been analyzed. The relation-
ships between 7, R, and Q' agree well with the theory of Scriven and
Brown. This research offers a new method based on IRCDR that
employs volume instead of angular velocity to study the deformation
and fission of a rotating droplet and provides a new way to design
devices including micro/nanomotors, soft pumps, and foldable
devices.
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FIG. 5. (a) The variation of Q with R shows a linear relationship between the two, which is consistent with theoretical analysis. (b) The distribution of the lobe numbers n corre-
sponding to dimensionless angular velocities €. (c) The relationship between R and Q'. The dots are experimental measurements and the dotted line represents the theory

curve.
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See the supplementary material for details of the case in which a
two-lobed droplet splits into two individual droplets with the continu-
ous injection of liquid.
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