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Several microfluidic applications are available for liquid metal droplet generation, but the surface oxidation
of liquid metal has placed limitations on its application. Multiphase microfluidics makes it possible to protect
the inner droplets by producing the structure of double emulsion droplets. Thus, the generation of liquid
metal double emulsion droplets has been developed to prevent the surface oxidation of Galinstan.
However, the generation using common methods faces considerable challenges due to the gravity
effect introduced from the high density of liquid metal, making it difficult for the shell phase to wrap the
inner phase. To overcome this obstacle, we introduce an innovative method - a gravity-induced
microfluidic device — to creatively generate controllable liquid metal double emulsion droplets, achieved
by altering the measurable inclination angle of the plane. It is found that when the inclination angle
ranges from 30° to 45°, the device manages to generate liquid metal double emulsion droplets with

perfect double sphere-type configuration. Additionally, the core-shell liquid metal hydrogel capsules
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Accepted 7th July 2022 present potential applications as multifunctional materials for controlled release systems in drug delivery
and biomedical applications. By regulating pH or imposing mechanical force, the hydrogel shell can be

DOI: 10.1038/d2ra04120k dissolved to recover the electrical conductivity of Galinstan for applications in flexible electronics, self-
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1 Introduction

Liquid metals, which are usually low melting point metal
elements, have recently received wide attention from the
scientific community.” Liquid metals show extraordinary
properties such as high electrical conductivity’* and superb
fluidity because their metallic cores and surfaces are rich in
electrons™® Such extraordinary properties of high surface
tension,*” low viscosity,>® and high electrical and thermal
conductivities*®® have enabled their applications in tempera-
ture sensing and control devices,*® and conductive
materials.>*°

Over a long period of time, one of the most widely used
liquid metals is mercury, which has a low melting point of
—38.8 °C" and can readily flow at room temperature, making it
an ideal material for batteries, thermometers and barome-
ters.""** However, mercury is highly toxic no matter in what
forms,“'>** imposing irreversible limitations on its practical
use.®*" In contrast to mercury, gallium based liquid metals***®
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healing conductors, elastomer electronic skin, and tumor therapy.

such as eutectic gallium indium (EGaln)'**> and gallium
indium tin'®* (Galinstan)“® have gained widely popularity®
because they exhibit low toxicity,"*"** high electrical and
thermal conductivities."»** Additionally, both of them have low
melting points. The melting point of EGaln is 15.5 °C**** while
that of Galinstan is —19 °C."**?® Their extraordinary fluidic
properties enabling rheological behaviors around room
temperature,®*** make them promising for applications in
microfluidic systems and soft electronics.>*”

Anotable challenge utilizing gallium based liquid metals lies
in their scarce resource supplies and associated high expense.
As a result, these liquid metals are often utilized in trace
amount with typical characteristic lengths around hundreds of
microns, which perfectly fall into the regime of microfluidics.
Previous studies have indicated successful combination of
gallium based liquid metals and microfluidic systems, such as
soft and stretchable electronics,>*® microfluidic electrodes,'”**
conductive microstructures''***?° and 3D printing.”***** As for
the applications in chemical, biochemical®** and pharmaceutical
researches,'*****%! droplets play a crucial role in the combina-
tion of liquid metals and microfluidics.*****3*

Multiphase flows in microfluidic systems demonstrate
unique advantages such as increased interfacial area and
improved mixing in comparison with single-phase or two-phase
flows.* In recent years, monodisperse double emulsion drop-
lets, comprised of smaller droplets of a third fluid within the
larger droplets,® have attracted particular attention in

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra04120k&domain=pdf&date_stamp=2022-07-18
http://orcid.org/0000-0002-9547-4860
http://orcid.org/0000-0002-2537-0329
https://doi.org/10.1039/d2ra04120k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04120k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012032

Open Access Article. Published on 19 July 2022. Downloaded on 3/15/2026 5:33:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

microfluidics. Their distinguishing core-shell structure, high
stability and distinctive monodispersity unleash great innova-
tions in numerous applications such as biomedicine,“*” chem-
ical analysis®* and cosmetics®***® as means of encapsulation and
protection of active ingredients.*****! The middle phase serves
as a protective shell to insulate the internal material from the
outside. Microfluidic chips®**** and glass capillary devices****
with structures like flow focusing***® and cross-flowing*~** are
introduced to produce droplets.*****® Conventional methods for
the generation of double emulsion droplets principally fall into
two categories: one-step and two-step methods.*® One-step
method mainly includes dual-coaxial co-flowing** while two-
step methods have various combinations based on dual-
coaxial,®** two T-junctions,”** two cross-junctions.>**® The
double emulsion droplet manages to be generated in a single
step by injecting the inner and middle phases into capillary
tubes from the same direction simultaneously, while the outer
phase is infused from the opposite side by one step.’”** As for
the two-step method, the inner droplets are formed first, fol-
lowed by the creation of shell droplets.*®

The limitation of gallium based liquid metals (such as
Galinstan) droplets in microfluidic lies in the instant formation
of a self-limiting surface oxide layer**® when exposed to air. The
thin oxide layer with a thickness of 0.7 to 3 nm,* imparts its
mechanical stability and adhesive property on various
substrates, making researches below millimeters difficult.***%
The oxidized liquid metal behaves more like a gel than a liquid,
thus hindering its applications. It has been proved that the
surface oxide layer can be prevented or removed by applying an
electrochemically reductive potential or appropriate chemical
treatment, such as hydrochloric acid at proper concentra-
tions.*?»**¢* However, the addition of external field or chemicals
brings a burden to the generation or utilization process.

To our best knowledge, few research adopted the core-shell
structure of double emulsion droplets to prevent the oxide layer
of Galinstan.

The shell of the double emulsion droplet can isolate liquid
metal inner droplets to prevent the oxidation and coalescence,
as well as improving the monodispersity and maintaining the
stability of the core-shell configuration. As a kind of natural
polysaccharide polymer, the shell material sodium alginate
possesses high biocompatibility and deceasing oxygen-
permeability, imparting high environmental and biologic
safety, as well as mechanical robustness and structural stability
to the capsule, thus showing great potential in applications.®
The difficulty to generate liquid metal Galinstan double emul-
sion droplets lies in its great density, which is six times higher
than that of water.** Utilizing several apparatuses mentioned
in literature*"*** seems experimentally unsuccessful, owing to
that gravity drives the liquid metal droplets downward depos-
ited on the channel wall. Consequently, an innovative micro-
fluidic device has been developed in this paper. It is composed
of a T-shaped junction linked to a co-flowing capillary channel,
with an adjustable inclined plane to control the gravity
component along the flow direction. Successful generations of
liquid metal Galinstan double emulsion droplets are achieved
by manipulating the inclination angle and phase flow rates.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Liquid metal micro/nanodroplets can be encapsulated as
core-shell capsule by biological macromolecule materials and
polymers,® or modified on the surface by some functional
radical groups.®” Functional compound droplets possess new
optical, magnetic and transformable properties when applying
external stimuli such as pH or temperature changes, presenting
exciting opportunities in the fields of flexible electronics,
sensors, and catalysts, as well as promoting drug releasing
performance in drug delivery systems.'® For example, encapsu-
lating nanodroplets of liquid metal EGaln or Galinstan into
microgels of marine polysaccharides can produce the biocom-
patible aqueous ink.®* Effective cancer cell elimination can be
achieved by exploiting the physicochemical properties of liquid
metal droplets, such as NIR (near-infrared) laser exposure,
which has a tendency to induce a transformation in the shape
liquid metal, destruction of the nanocapsules, contactless
controlled release of the loaded drugs, and optical manipula-
tions of a microfluidic blood vessel model.®® The performance of
protective hydrogel shell may be optimized through rational
combination with environmental stimuli responsive materials
or other functional polymer materials to attain liquid metal
compound droplets with varying functionalities, or be dissolved
to recover the electrical conductivity of Galinstan for controlled
release systems in drug delivery and biomedical, or applications
in flexible electronics, self-healing conductor, elastomer elec-
tronic skin, and tumor therapy.*>°*®%%°

2 Theoretical background

Droplet formation substantially consists of the following two-
step process: droplet grows until the equilibrium of forces is
disrupted, then the detachment occurs.”®”* Assuming the
droplet as a sphere before detachment, the forces acting on
a growing droplet in a horizontal T-shaped circular micro-
channel can be divided into holding and detaching forces.” As
analyzed in Fig. 1(a), the inertial force (Fipertia) and drag force
(Farag) drive the droplet detaching, described as detaching force.
The interfacial tension force (F,) keeps the droplet attached to
the dispersed phase, defined as the holding force.”””* The
magnitude of all forces may be calculated from the following
equations:"*7°

(a)

Fig. 1 Schematic illustration of the forces exerting on (a) a growing
droplet, (b) a double emulsion droplet with negligible gravity generated
on a horizontal plane and (c) a liquid metal Galinstan double emulsion
droplet dominated by nonnegligible gravity generated on a horizontal
plane (a: top view; b and c: front view).
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04120k

Open Access Article. Published on 19 July 2022. Downloaded on 3/15/2026 5:33:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 1 Force-related dimensionless numbers in multiphase flow
system®!

Dimensionless numbers  Equations Definition
Reynolds number Re = pdu/p Inertial/viscous
Capillary number Ca = pulo Viscous/interfacial
Weber number We = pdi’/c Inertial/interfacial

Bond number Bo = (Ap)gd’/c  Gravitational/interfacial

Finertial = p11101 (1)
Fg1o = wdyo12 (2)
Fdrag = 375“-2/~de1 (3)

where the subscripts 1 and 2 represent the dispersed and
continuous phases respectively, d, refer to the diameter of the
droplet. Parameters p;, #; and Q; represent the density,
velocity and flow rate of the dispersed phase, respectively.
Parameters u, and u, denote the viscosity and velocity of the
continuous phase, o4, is the interfacial tension between the
two phases.”®””

The effect of the resultant force of holding and detaching
forces is balanced at a critical point where the droplets trans-
form from growth to detachment.”»”>’® When the detaching
force exceeds holding force, the forming droplet begins to
detach from the neck and pinch off into a droplet. The droplet
remains spherical after detaching due to the interfacial tension
force. Additionally, the dimensionless numbers related to
forces are able to be calculated to manifest the competing
phenomena among different forces during the droplet forma-
tion process as indicated in Table 1.7%%'

The Reynolds number (Re), served as a criterion dividing
fluid flow pattern, is used to quantify the relative importance
of inertial and viscous forces, with a low Reynolds number
leading to laminar flow.”**> The capillary number (Ca) denotes
the relationship between the viscous and interfacial tension
forces acting across the two immiscible liquid interfaces,*
indicating that the interfacial tension force is much more
dominant when the capillary number is very small.**** The
Weber number (We) represents the balance of inertial forces
and interfacial tension force,"”® while the Bond number (Bo)
is used as a measure of the relative importance of gravity and
interfacial tension force.®*®**” When Bo <« 1, the interfacial
tension force dominates and the effect of gravity can be
disregarded.®”®*

Table 2 Physical properties of the three-phase system at 25 °C
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3 Materials and methods
3.1 Materials

Three phases, i.e., inner phase, middle phase, and outer phase,
forms a system to produce double emulsion droplets of liquid
metal/water/oil. The inner phase is Galinstan (68.5% Ga+21.5%
In+10% Sn) (Changsha Santech Materials Co. Ltd) and the
middle aqueous phase is 4% (w/w) sodium alginate solution
(Shanghai Macklin Biochemical Technology Co. Ltd). The outer
oil phase is composed of paraffin liquid (Shanghai Macklin
Biochemical Technology Co. Ltd) and 4 wt% surfactant sorbitan
monolaurate (Span 20) (Shanghai Macklin Biochemical Tech-
nology Co. Ltd). The purpose of adding surfactant is to reduce
the contact angle between the outer continuous phase and the
contact wall, as well as improving the wettability of the
continuous phase and wall so that to form a more stable water-
in-oil droplet.®

Additionally, the density and viscosity of the three fluids are
measured by densitometer and spinning digital viscometer
(Formulaction, Fluidicam RHEO). The interfacial tensions
between fluids are determined by a surface tensiometer (Biolin
Scientific, Theta Flex) using the pendant drop method. The
detailed properties of three liquid phases are shown in Table 2.
Experimentally, the middle phase sodium alginate solution is
dyed blue while the outer phase liquid paraffin remains color-
less transparent to enable clear visualization of different pha-
ses. All the experimental progress has been performed at room
temperature (25 °C).

3.2 Microfluidic device

Herein, we exploited a novel and rapid method to perform the
generation of liquid metal double emulsion droplets in micro-
fluidic devices with the controllable effect of gravity through an
adjustable inclination angle. As sketched in Fig. 2, the detailed
microfluidics apparatus is comprised of a T-shaped ETFE tee
(OD = 1/16” ID = 0.02”) which is connected with PTFE cylin-
drical tubes (OD = 1/16”, ID = 0.02”). The end of one tube is
coaxially inserted into a wider PTFE cylindrical tube (OD = 3.0
mm, ID = 2.0 mm) on an adjustable inclined plane. Three
syringe pumps (Harvard Apparatus, Pump 11 Elite) connected
with different injection ports are used to inject the three
immiscible fluids into the microfluidic channels indepen-
dently. Each fluid is supplied through a PTFE tube at various
flow rates. The flow pattern and frequency of droplet generation
are accurately controlled by regulating the flow rates. Experi-
mental images and videos are captured using a portable digital

Density p Viscosity u Interfacial tension
Three-phase Materials (kg m™?) (Pa's) cs(Nm™)
Inner phase Galinstan 6440 0.0024 01, = 0.533
Middle phase Sodium alginate solution (4% w/w) 1010 0.0836 g3 = 0.004
Outer phase Paraffin liquid (4 wt% Span 20) 850 0.0455 13 = 0.509
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Fig. 2 Experimental setup for the generation of liquid metal double
emulsions using gravity-induced microfluidics, with different flow
orientations (blue arrows) of the inner (grey), middle (blue) and outer
(green) phases in relation to the direction of gravity (green arrow). The
inclination angle 4 reflects the magnitude of the component of gravity
along the flow direction.

microscope (Dino lite, AM73915MZTL) and automatically
imported into a computer. The sizes of the droplets are
measured by an open-source image-processing software.

4 Results and discussion

In this work we propose a novel method to generate liquid metal
double emulsion droplets in two steps, with Galinstan inner
droplets first produced at the T-shaped junction, followed by
the generation of shell droplets. The second step occurs on the
adjustable inclined plane, which manages to control the
magnitude of the component of gravity along the flow direction.

4.1 Challenge in generation of liquid metal double emulsion
droplet

The density difference between liquids of double emulsion
droplets usually is not very large, resulting in a stable core-shell
configuration of double emulsion droplet with negligible
gravity. The inner droplet is totally inside the shell droplet in
a state of non-contact with the outer phase and microchannel
wall. Similar to those forces considered in the formation of
a single droplet generated in the T-shaped microfluidic device,
the forces exerting on the whole double droplet at equilibrium
in the coaxial tubes are balanced, which can be conveniently
divided into directions parallel and vertical to the flow direction
as depicted in Fig. 1(b). The inertial force (Finertial), interfacial
tension force (F;) and drag force (Fure) are regarded as the
parallel forces, while buoyancy force (Fy,) is the vertical force.””®
The balance of the holding and detaching forces determines the
formation of the double emulsion droplets. Assuming the
equilibrium shape of the double emulsion droplet to be
spherical, the main forces acting on the double emulsion
droplet during its detachment are schematically shown in
Flg. 1(b).74,76,77

In the left half of Fig. 1(b), the inner droplet and the gener-
ating shell droplet are analyzed as a whole, subjected to Fy, F,
Finertial and Fqrag, while Fy, is negligible owing to the small
density difference of different fluids.”®***" Fgy., serves as
detaching force, acting in the flow direction to promote the
separation of droplets. Fiertial, Which is three to four orders of
magnitude lower than F,; can be ignored in the further

© 2022 The Author(s). Published by the Royal Society of Chemistry
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calculation. F; acts to prevent the droplet separating from the
nozzle, which may be described as holding force.”** As for the
detachment mechanism, double droplet forms at the end of the
inner tube, followed by the shrink and detachment when the
magnitude of the detaching forces reaches beyond the holding
forces. After generating, the inner droplet is totally inside the
shell droplet in a state of non-contact with the outer phase and
microchannel wall as demonstrated in the right part of Fig. 1(b).
The whole double droplet stays stable spherical due to the equal
internal interfacial tension force.

However, as for liquid metal Galinstan, which is six times
denser than water, the gravity effect is conspicuous, making it
difficult to be wrapped by other liquids to form an inner droplet.
The force balance analysis of the generated double droplet is
not applicable for Galinstan, while the feasibility of preparing
Galinstan double emulsion droplets by the normal methods
seems very low. Force analysis of the Galinstan double droplet
on a horizontal plane is shown in Fig. 1(c). As depicted in the
left half of Fig. 1(c), the inner droplet and the generating shell
droplet are regarded as a whole, subjected to the gravity Fg,
interfacial tension force F, inertial force Fi,eriia1 Of the middle
phase, and the drag force Fy.,g of the outer phase. After gener-
ating, the force analysis on the Galinstan inner droplet is
depicted in the right part of Fig. 1(c). As the flow is transverse to
Fy on a horizontal plane, F; drives the Galinstan inner droplet
downward on the outer channel, as well as hinders the further
flow of itself, due to the sinking of the denser fluid and the
sudden expansion of the tube diameter (the ID of inner and
outer tubes are 0.5 and 2.0 mm, respectively).*”** Meanwhile,
the calculated value of bond number Bo is 0.431, meaning
a nonnegligible effect of gravity. Galinstan droplet comes
inevitably into contact with the lower surface of the micro-
channel wall, causing unavoidable frictional resistance Fy as
a holding force during the process of double emulsion droplet
formation. Fy,, raises with the increase of the outer phase flow
rate, which is capable to accelerate the flow of shell droplets but
inner droplets. We called the force or force component consis-
tent with the flow direction as driving force. As the force along
the flow direction is not enough to induce the motion of the
inner droplet, it is necessary to impose a driving force on the
Galinstan droplet. Experimentally, we found that the gravity
effect of Galinstan on a horizontal plane is prominent, while
part of the gravitational potential energy on an inclined plane
manages to be converted into momentum, with the gravity
component acting as the driving force to impel the movement of
inner droplets.

After adding an inclination angle 6, F, can be divided into
two components parallel and perpendicular to the inclined
plane. When the component of F, in the flow direction gets
large exactly enough to overcome Fy, the Galinstan droplet starts
to flow forward with a force-balanced configuration.

4.2 Droplet configurations

The inclination angle 6 of the plane, which determines the
component gravitational force along the flow direction, plays
a significant role in the trade-off balance between the gravity

RSC Adv, 2022, 12, 20686-20695 | 20689


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04120k

Open Access Article. Published on 19 July 2022. Downloaded on 3/15/2026 5:33:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Fig. 3 Schematic illustration of three stable configurations of liquid
metal double emulsion droplet under different inclination angles. (a)
Push-type; (b) double sphere-type; (c) pull-type.

and friction force and corresponding droplet morphologies. A
larger # means a larger gravity component along the flow
direction, providing greater driving force.** At a relatively low or
high value of ¢, the movement of inner droplet and shell droplet
is not synchronous, which is inclined to cause the separation.
An equilibrium state at the critical point exists where the two
droplets are about to separate, as shown in Fig. 3 below. The
edge of the inner phase droplet coincides with that of the
middle phase droplet in two ways under different inclination
angles, constituting different equilibrium configurations of
liquid metal Galinstan double emulsion droplet which may be
created as follows: (a) push-type, (b) double sphere-type, and (c)
pull-type.

Fig. 3 presents three double droplet morphological config-
urations under different force conditions, reflecting that the
forces acting on the liquid metal Galinstan, especially gravity,
predominantly affects the configuration of the double emulsion
droplets. For a droplet, the interface with a longer flow distance
is signed as the front edge, while that with a shorter flow
distance is marked as the rear edge. Fig. 3(b) depicts that at the
appropriate inclination angle ¢ (30°-45°), F, sinf raises exactly
enough to counterbalance the effect of F, while the two forces
balance each other to maintain the double droplet flow in
a stable double sphere-type configuration (see ESI Movie 17).

When 6 falls in the range of 0° to 30°, the rear edges of the
inner and shell droplets coincide, presenting a push-type (see
ESI Movie 27) equilibrium configuration of double droplet with
an ellipsoidal shell droplet as shown in Fig. 3(a). On the
contrary, if the inclination angle varies between 45° and 60°, the
front edges of the inner and shell droplets coincide, consti-
tuting a pull-type (see ESI Movie 31) equilibrium configuration
of the double emulsion droplets with an ellipsoidal shell
droplet in Fig. 3(c). The inner droplet is maintained inside the
shell droplet due to the Laplace pressure of the shell droplet
directed to the center of the droplet.

4.3 Effect of flow rates

The phase flow rate mainly affects the shell droplets, while the
regulation of inclination angle focuses on the inner droplets.
Therefore, in addition to the manipulation of the inclination
angle 60, the phase flow rate also serves as a particularly eminent
study factor during the formation of double droplet. Combined
with the adjustment of # and phase flow rates, liquid metal
Galinstan double emulsion droplets with various stable

20690 | RSC Adv, 2022, 12, 20686-20695
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Fig. 4 Three-dimensional diagram of liquid metal double emulsion
droplets formation depending on middle phase flow rate (Qj), outer
phase flow rate (Qz) and the inclination angle 6. X and Y axes represent
different flow variation of the phases within a certain range, while the
increase of the Z axis indicates the increase of the inclination angle.
The surface colored by the variable inclination angles, determines the
generation of liquid metal double emulsion droplet.

configurations manage to be formulated. The middle shell
droplet, sheared off by the outer phase as flowing to the tip of
the inner tube, immediately engulfs Galinstan inner droplet,
thus producing double emulsion droplets.

Fig. 4 drawn from the experimental phenomena schemati-
cally shows a three-dimensional illustration of liquid metal
double emulsion droplets formation depending on Q, and Q3
under various inclination angles . The surface, colored by the
variation of 6, determines the feasibility of the generation of
liquid metal double emulsion droplet. Fig. 4 shows that drop-
lets are unable to be generated under the condition below the
surface, while they are facile to be formed as ¢ increases above
the surface. The change of Q, appears inadequate to promote
the droplet generation when 6 and Q; both remain relatively
small. On the contrary, the influence of Q, and Q; on the
formation seems not quite notable at larger ¢, implying that the
gravity of Galinstan plays a decisive role in the formation of
liquid metal double emulsion droplets.

Specifically, the results illustrated in Fig. 5 show that the
dependency of double emulsion droplet formation and corre-
sponding type on gravity (i.e. inclination angle #), capillary
number (Ca) of the outer phase and the flow rates. Double
emulsion droplets manage to be formed within a certain range
of § and phase flow rates. It can be concluded from the theo-
retical part that the interfacial tension force comes into prom-
inence during the formation of droplet only when Ca and We
are both small. Furthermore, flow pattern appears various types
at varying flow rates, ranging from squeezing regime (Ca <
0.002) through transient regime (0.002 < Ca < 0.01) to dripping
regime (0.01 < Ca < 0.3).” Experimental results show that the
outer phase manages to shear the middle phase into shell
droplets when Ca varies in the range of 0.017 to 0.028, so as to
produce the liquid metal Galinstan double emulsion droplets.

Double emulsion droplets can hardly be generated under the
horizontal state as depicted in Fig. 5(a), owing to the fact that
the nonnegligible gravity of Galinstan makes it difficult for the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of the middle phase flow rate (Q,) and capillary number
(Ca) of the outer phase on the formation of double emulsion droplets
at different inclination angles. (a) Double emulsion droplet generation
at 0° (horizontal state); (b) 15°; (c) 30°; (d) 45°. The generated double
emulsion droplets have many morphological configurations (shown in
Fig. 3 above) as signified by different symbols above except that the
cross symbol means double emulsion droplets are incapable to be
generated. The unstable type refers to the instability during or after the
generation.

middle phase to wrap the inner phase. The type of “unable to
generate” in Fig. 5 represents the following situations (shown in
Fig. S1 of the ESI, ). At lower Ca, the middle phase is unable to
be sheared off by the outer phase into droplets, while the shell
droplets are separated from the inner droplets by a stronger
drag force from the outer phase after forming in the case of
higher Ca. It is experimentally observed that the middle phase
continues to move forward, while the Galinstan droplet is
deposited on the channel wall by gravity. Therefore, inclination
angle ¢ are utilized in the microfluidic device to weaken the
gravitational action on the horizontal plane. As ¢ increased from
0° to 45° at 15° intervals (Fig. 5), meaning an increase to 75% of
the gravity as driving force along the flow direction, the trend
towards double emulsion droplet formation appears to be
a little different. Compared to the horizontal state (no inclina-
tion angle), double emulsion droplets exhibit a stronger
tendency to be generated with more stable configurations when
a certain inclination angle such as 15° is added, while the
generation seems to be much easier under the high Ca of the
outer phase, as shown in Fig. 5(b).

At a relatively high Ca (Ca = 0.017), the morphological
configuration appears to be close to perfect double sphere-type
shown in Fig. 5(c) and (d) as 4 increases to approximately 30° to
45°, meaning that 50-75% of the gravity serves as the driving
force. Moreover, 60% double emulsion droplets with perfect
double sphere-type are able to be obtained by adjusting the flow
rates at about 45°. The morphological configuration has
a tendency to change from push-type to pull-type with the
increase of ¢, as shown in Fig. 5. A relatively large Q, (Q, > 0.06
ml min~") under a small § (¢ < 30°) may lead to an unstable
process of the formation of Galinstan double emulsion droplet

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

when Ca = 0.017. In addition, double emulsion droplets may
hardly be generated at 30° (Fig. 5(c)) and 45° (Fig. 5(d)) when Q,
is large (Q, > 0.06 ml min~") and Ca is relatively small (Ca <
0.017), due to the fact that the outer phase has no ability to
shear off the middle phase to form the shell droplets under
a relatively low Q3/Q,.

Interestingly, we witness successful and consistent genera-
tion, but unstable maintenance of double emulsion droplets
given that 6 exceeds a threshold value of 60°, regardless of Q,
and Q;. Gravity component along the flow direction (F, sinf)
serves as the main force acting on the Galinstan droplet, giving
rise to the pull-type configuration but easy to separate. It is
because that the enhanced F, sinf overcomes F; and brings
about an acceleration of the inner droplet, while the drag force
of the outer phase exerting on shell droplet is not enough to
maintain the synchronous movement, leading to the velocity
difference.

We established a fitting model to predict droplet generation
frequency based on our experimental data. In perspectives of
practical operations, it is of great significance to optimize
droplet generation frequency for the purpose of productivity
and quality control. In this work, the droplet generation
frequency is indicated by the interval time (f) between two
adjacent droplets. The outer phase flow rate is denoted by
capillary number (Ca) of the outer phase, as demonstrated in
Fig. 6. It is found that the interval time (¢) depends on capillary

7.0

6.5

6.0

5.5

(s)

5.0

k3
£ 45
S
T 40
c
2
= 35 —o—Q2=0.01ml/min
30 —4— Q2=0.02ml/min
g —a—Q2=0.03ml/min
25 Q2=0.04ml/min
—e—Q2=0.05ml/min
20
0.011 0.016 0.021 0.028
Ci

(b) 2

interval time (t) (s)
N N
- o

e
[N}

—e—Ca=0.028
——Ca=0.022

N
o

0 0.1 02 03 04 05 06 07
sin@
Fig. 6 Effect of (a) capillary number (Ca) of the outer phase and (b) the
gravity component (denoted by sind) on the interval time (t) of liquid
metal double emulsion droplets formation. (a) § = 30°; (b) Q, = 0.05
ml min~. The dotted lines are the linear fits of the solid lines.
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number (Ca) of the outer phase, middle phase flow rate (Q,) and
gravity component along the flow direction (denoted by siné). As
analyzed in Fig. 6(a), we found the interval time (¢) decreases
linearly with the increasing of Ca and Q,. Especially, a large
value of Ca and Q, results in a short interval time of double
emulsion droplets formation. We observed an apparent down-
ward trend of the interval time as Q, increases from 0.01 to 0.05
ml min~" at Ca >0.021. Droplet interval time drops sharply
under a high Ca by increasing 6, as demonstrated in Fig. 6(b).
Conclusively, Ca and ¢ are inversely proportional to the interval
time, signifying a short time to achieve the force balance for
droplet generation under a high Ca or 6. The inverse trend can
be explained by (i). A large Ca denotes a high shearing force of
the outer phase, and (ii). A large # means a large gravity
component along the flow direction serving as the driving force
to impel the droplet movement.

A fitting model is built on experimental results to predict the
regulation mechanism of interval time (¢) through Reynolds
number (Re,) and capillary number (Ca), as shown by eqn (4). In
this work, Reynolds number (Re, = p,d;us/u,, d; denotes the ID
of the outer tube) is used to represent Q,. Ca and Re, are both
logarithmically inversely proportional to the interval time (¢) as
depicted by eqn (4). Parameters b and c¢ can be interpreted as
constants in each case. ¢, represents the intercept on vertical
axis, denoting the interval time at a minimum of Ca. Fitting
parameters can be obtained by fitting all the data to the model
(see ESI Table S17).

The effect of gravity (denoted by sind) on interval time (¢) is
analyzed by an empirical linear model as indicated by eqn (5),
where m is a positive constant for each case of Ca. Similarly, ¢,
represents the interval time at minimum inclination angle. The
detailed parameters are given by ESI Table S1.7

@) )] @

t=—ty-(msin 0 — 1) (5)

t=t,'In

It is worth noting that the interfacial tension force (0,3) and
the middle phase viscosity (u,) are proportional to the droplet
formation time, while the gravity component (sinf), outer phase
viscosity (u3) and velocity («, and u3) are inversely proportional.
The shearing force increases with the rise of u; and u3, and the
driving force increases with raising 6, both resulting in a short
generation time. High detaching force and long detaching time
are required as the holding force (,3) increases. In a word, the
control of droplet generation frequency can be regulated by
achieving a delicate balance among interfacial tension, inertial
force, viscous force and gravity.

4.4 Droplet solidification

Solidification of the shell droplets to stabilize the double
emulsion droplets can be subsequently realized by the cross-
linking reaction between sodium alginate solution and calcium
ions such as the calcium chloride solution.”””7*% The pH
sensitivity of sodium alginate can be used to control the release
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of its encapsulated content, thus serving as a controlled release
system.*® The carboxyl group in the sodium alginate molecule
exists mainly in the form of anions that repel each other when
the solution is alkaline, facilitating the entry of water molecules,
causing an increase in the swelling rate of the gel. It swells
further until broken to release the contents. We adapted the
direct dropping method to obtain the core-shell liquid metal
hydrogel capsules by dropping the double emulsion droplet
into calcium chloride solution. The depth of coagulating bath
was controlled between 0.8 and 1.0 cm in the experiment. The
droplet was solidified to be in the shape of a ball with a tail if the
depth is shallower than 0.8 cm, while a gourd shape would be
generated when the depth is deeper than 1.0 cm. If the solution
is too deep, it produces greater buoyancy than the gravity of
Galinstan. On the contrary, the gravity effect of Galinstan is too
large in a too shallow solution and thus the droplet has
a tendency to float on the surface of the calcium chloride
solution. Therefore, an appropriate depth comes into play
during the formation of solidified spheres. In addition, the
concentrations of calcium chloride and sodium alginate solu-
tions are also crucial in the preparation of calcium alginate gel
spheres, which are both 4 wt% owing to the difficulty to form gel
completely at a lower concentration. Then the solidified spheres
were soaked in solutions of different pH values to test the pH
sensitivity due to the PH swelling property of calcium alginate
hydrogel.***® Fig. 7(a) and (b) exhibit the morphologies of core-
shell liquid metal hydrogel capsules obtained in 4 wt% CacCl,
aqueous solution. The diameter variation in alkaline environ-
ment is shown in Fig. 7(c).

The pH sensitivity of solidified spheres is reflected by
diameter in the solutions of variable pH. The solidified spheres
exhibit spherical shape with an average diameter of about
2.330 mm (D,), retaining high monodispersity. Experimental
results show that the diameters have no discernible difference
before and after soaking in acidic and neutral solutions but
change in alkaline solution, as shown in Fig. 7(c). Specifically,
the generated spheres are soaked in the solution of pH 9, 11 and
13 for 120 min, respectively. Fig. 7(c) shows that diameter
increases with the increase of pH. The diameters increase
dramatically after soaking in the solution of pH 11 and 13 for

——pH9
——pH 11
—e—pH 13 V4

60
time (min)

Fig. 7 Ilustrations of (a-b) the morphological configuration of core—
shell liquid metal hydrogel capsules after gelation with 4 wt% CaCl,
aqueous solution and (c) diameter of the spheres as a function of
soaking time and pH of the surrounding solution. The scale bar is
1.0 mm in length.
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120 min, which are 3.945 mm and 4.207 mm, respectively,
indicating a notable swelling degree in the strong alkaline
environment. In contrast, the diameter has no significant
change in the weak alkaline solution of pH 9, which is 2.369
mm. The swelling rate W can be used to indicate the change of
swelling degree and obtained by measuring the diameter
change, which may be analyzed by the following equation:

WiI%=(D — Dy)/Dy x 100 (6)

where D, and D denote the initial and changing diameters
during soaking respectively.

The swelling rate of soaking for two hours can therefore be
obtained according to the experimental data, with values of
1.67% in pH 9, 69.31% in pH 11, and 80.56% in pH 13,
respectively, showing that swelling rate is linearly dependent on
pH. Additionally, separation of Galinstan inner droplets from
the shell gel happens in the strong alkaline environment of pH
11 and 13 after soaking for more than 2 hours experimentally.
Experimental phenomenon indicates that strong alkaline envi-
ronment may destroy the core-shell structure as well as release
of contents, thus leading to the disintegration of solidified
spheres. Calcium alginate gel exhibits swelling and release
properties to the environmental pH, thus extending its potential
applications in the field of drug transport and release. More-
over, the swelling characteristic is prone to be regulated by
adding environmental stimuli responsive materials to the
solution during the preparation of calcium alginate gel to
obtain various functional materials.®”

Conclusions

A novel type of liquid metal double emulsion droplets has been
created by controlling the effect of gravity in microfluidic, which
may prevent the surface oxidation of Galinstan, addressing
certain application limitations. The effect of gravity is obliged to
be taken into consideration in the generation liquid metal
double emulsion droplets due to the high density of Galinstan.
The most critical and innovative portion of this study is to
promote the movement of liquid metal by converting part of
gravity into driving force. An adjustable inclination angle to
conveniently control the effect of gravity is therefore added to
the droplet generation device as the main influence factor for
the generation.

It can be concluded that the force of gravity, directly reflected
by the adjustable inclination angle ¢, has a remarkable effect on
the droplet formation and morphological configuration. Liquid
metal double emulsion droplets with perfect double sphere-type
configuration are capable to be generated when 6 varies in
a range of 30° to 45°, meaning that 50-75% of the gravity serves
as the driving force along the flow direction. Furthermore, 60%
double emulsion droplets with perfect double sphere-type
configuration are able to be obtained by adjusting the flow
rates of the middle and outer phases at 45°. Virtually, the rela-
tionship between the interfacial tension force and shearing
force as well plays a crucial role in the dynamic behaviors of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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droplet formation, reflecting by the droplet generation interval
time.

The stable core-shell liquid metal hydrogel capsules are
facile to be obtained by forming calcium alginate hydrogel.”>”””®
Strong alkaline environment has a visible tendency to make the
calcium alginate hydrogel swell, enlarging the volume of the
solid spheres and releasing inner droplets. By utilizing the pH
sensitivity properties of shell material or choosing other shell
materials with different characteristics, the core-shell liquid
metal capsules promise to be used as multifunctional materials
for controlled release systems in drug delivery and biomed-
ical.***® Meanwhile, the hydrogel shell is capable to be dissolved
by regulating pH or imposing mechanical force to recover the
electrical conductivity of Galinstan for applications in flexible
electronics, self-healing conductor, elastomer electronic skin,
tumor therapy.®>**%
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