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Abstract

Monodisperse micro-sized liquid metal droplets have received considerable attention for developing flexible electronics,
microfluidics actuators and reconfigurable devices. Herein we report an innovative and efficient strategy for large-scale
preparation of Galinstan liquid metal microdroplets with controllable sizes using a micro-needle induced glass capillary
microfluidic device. By inserting a stainless steel micro-needle into the inner liquid metal phase in the glass capillary, the
hydrodynamic instability of the liquid metal stream is significantly suppressed to guarantee steady fluid flow before the liquid
metal is pinched off by the outer phase flow, giving rise to a stable generation of monodisperse liquid metal microdroplets.
The microdroplet size dependence on the flow ratio of the continuous and dispersed-phase is investigated experimentally. A
theoretical framework based on the Plateau—Rayleigh instability is proposed to explain the advantage of the micro-needle
induced strategy. This strategy has great potential for the generation of high interfacial tension liquid metal emulsions.

Keywords Micro-needle induced - Liquid metal - Glass capillary microfluidic - Hydrodynamic instability - Plateau—
Rayleigh instability

1 Introduction to mercury, low melting point gallium based eutectic liq-
uid metals such as EGaln (75% gallium, 25% indium) and

Combined with fascinating metallic characteristics and flu- Galinstan (68.5% gallium, 21.5% indium, and 10% tin) are

idic properties, such as large surface tension, high electri-
cal and thermal conductivities, low viscosity, and signifi-
cant deformability, room temperature liquid metals have
received considerable research interest recently. In contrast
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being increasingly investigated by research community in
laboratories for its negligible vapour pressure and nontoxic-
ity (Chiechi et al. 2008; Hu et al. 2017; Shay et al. 2018).
These remarkable physicochemical properties enable gal-
lium-based liquid metals great promise for a variety of prac-
tical application including fluidic actuators (Tang et al. 2015,
2014a, b), electrochemical sensors (Wei et al. 2014), optical
and electrical switches (Sen and Chang-Jin 2009; Wissman
etal. 2017; Yoo et al. 2011), reconfigurable/stretchable elec-
tronics (Cheng et al. 2009; Dickey 2017; Liang et al. 2017),
and biomedicine (Lu et al. 2015). Particularly, the growing
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trends in the miniaturization of microfluidic reaction engi-
neering and the development of lab-on-a-chip analysis for
their flexible integration into microfluidics have facilitated
the expansion of micro and nano-sized liquid metal droplets
demand from the traditional polydispersed emulsions to pre-
cision monodispersity.

To date, there are several approaches have been exploited
for producing micro-sized liquid metal droplets, including
molding (Mohammed et al. 2014), acoustic wave (Tang
et al. 2016), sonication (Hohman et al. 2011; Lu et al. 2015),
stream jetting (Yu et al. 2014), electro-hydrodynamic shoot-
ing (Fang et al. 2014), and microfluidic flow focusing (Gol
et al. 2016; Thelen et al. 2012). With good rheological prop-
erties, the replica molding technique featured by spreading
liquid metal across the elastomeric patterned cylindrical res-
ervoirs was demonstrated to create microspheres (Moham-
med et al. 2014). Although the replication method is simple,
the demand of mass production limits its pervasive applica-
tion. Another commonly encountered and efficient option for
large-scale microdroplet production is sonication dispersion
method (Lu et al. 2015), which exploits ultrasonic wave to
fabricate liquid metal marble spheres in a nonsolvent for
different durations. Despite the advantages of the sonication
technique for microdroplet formation, this approach suffers
from a drawback that the liquid metal droplet diameter is
commonly with a wide size distribution, ranging from doz-
ens of nanometers to several micrometers. Additionally, the
acoustic wave-induced-forces were introduced to generate
EGaln microdroplets with controllable size by tuning the
interfacial tension of the liquid metal with either electro-
chemistry or electrocapillary accompanied with an electrical
potential. Whereas the acoustic wave generation equipment
is relatively high-cost consumption and the droplet pro-
duction platform is complex. To solve the aforementioned
limitations, the special microfluidic flow-focusing method
has been extensively investigated to improve the reproduc-
ibility and the uniformity of the liquid metal microspheres.
It is typically demonstrated by designing a PDMS micro-
fluidic system with a cross-like microchannel configuration
and producing microdroplets by adjusting the shear rate or
interfacial tension of the two adjacent insoluble streams.
The main problem with this approach is the hydrodynamic
instability for the droplet formation, caused by the high pres-
sure drop and the corresponding high shear rate within the
microchannel. On the other hand, the swelling of PDMS-
based microchannel in most organic solvents may sometimes
disrupt the micrometer-sized features and make it not so easy
to maintain a good uniformity of the liquid metal microdro-
plets. Whereas the formation of the highly monodisperse
bulk liquid metal emulsions is the central technical issue in
some occasions. To achieve this goal, a potential strategy
is to exploit the glass capillary microfluidic approach (Hou
et al. 2017; Jia et al. 2018; Lee and Weitz 2008; Shah et al.
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2008; Shum et al. 2008), which has competitive advantage
on precise control over the size distribution of microdroplet.
However, owing to its extraordinary large surface tension,
stable generation of monodispersed liquid metal micro-
droplet emulsion is challenging with the conventional co-
flow capillary microfluidic device. Consequently, it is still
of great importance to explore novel and simple methods for
large-scale preparation of liquid metal microdroplets with
high interfacial tension.

In this technical innovation, we introduce a novel strategy
to achieve highly monodispersed microspherical Galinstan
liquid metal with controllable size, by simply inserting a
metallic micro-needle into the inner fluid phase of the co-
flowing glass capillary device (Fig. 1d, e). In the commonly
used co-flowing device (as shown in Fig. 1a, b), due to the
high surface tension of the liquid metal and its weak wet-
tability on the glass wall (Davis and Ndao 2018), the inner
stream will easily break up even before flowing out of the
small aperture. A specific advantage of the new design
(Fig. 1d, e) is that the micro-needle can induce significant
viscous effect to overcome the hydrodynamic instability of
the liquid metal stream when the inner phase is pinched off
by the continuous phase. To control the droplet size, a series
of experiments are conducted with different flow rate ratios
of continuous phase to the dispersed phase, i.e., p=0./0;.
This strategy provides a significant guide for the large-scale
production of size-controllable monodisperse liquid metal
with high surface tension in laminar flow.

2 Experimental setup
2.1 Materials

Metallic micro-needle with a diameter of 70 pum is adopted
(Zongsheng, Harbin, China). Glycerol is purchased from
Aladdin. Poly(vinyl alcohol) (PVA, 87-89% hydrolyzed,
average M, = 13,000 —23,000) and galinstan liquid metal are
obtained from Sigma-Aldrich. As the out phase, a mixture
of glycerol and 5% PVA aqueous solution with the weight
ratio 10:2.9 is used. The inner phase is the bulk galinstan
liquid metal.

2.2 Fabrication of glass capillary microfluidic device
within inserted micro-needle

As illustrated in Fig. 1a, d, the glass microcapillary chip
consisting of coaxial assemblies of round and square glass
capillaries on glass slides is utilized to prepare the liq-
uid metal droplets. The two cylindrical capillaries (inner
diameter (ID) 0.58 mm, outer diameter (OD) 1.03 mm,
World precision instruments, Inc., 1B100-6) are tapered to
the desired sizes using a micropipette puller (P-97, Sutter
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Fig.1 Schematic illustration of the working mechanism for Galin-
stan liquid metal microdroplets generation. a The traditional co-flow
microcapillary device, b micrograph of the tapered end of the injec-
tion and collection tube. ¢ High-speed sequential snapshots of poly-
dispersed liquid metal emulsions formation in traditional co-flow

Instrument) and a microforge (MF-900, Narishige, Tritech
Research, Inc). The inner diameters of tapered orifices of
the capillaries for the inner phase and for final emulsions
collection are 100 um and 200 pm, respectively. Then
these tapered capillaries, one with smaller orifice diameter
being injection tube and the other being collection tube,
are coaxially assembled in the opposite ends of the square
capillary (AIT Glass, Inc., 810-9917) with axial spacing of
100 pm. To demonstrate our novel strategy, a micro-needle
is assembled into the microfluidic device to stabilize the
generation process of liquid metal droplets. We utilize a
properly treated 1Cr18Ni19Ti stainless steel micro-needle

(d) Outer Phase
Micro |}

A—
¢6 o6

200pm

microcapillary device. d The proposed micro needle induced micro-
capillary device, e micrograph of the proposed micro-needle induced
microcapillary. f High-speed sequential snapshots of stabilized gen-
eration of monodisperse liquid metal microdroplets in micro-needle
induced co-flow microcapillary device

with a diameter of 70 um as the micro needle, which is
coxially inserted into the inner phase capillary and main-
tain a distance of about 175 um between the adjacent
ends of the micro-needle and injection tube (as shown in
Fig. le). As the oil film exiting on the needle surface may
intervene the interface contact between the micro-needle
and the inner phase liquid metal, we first rinsed the micro-
needle with acetone and then dropped it in an alcohol solu-
tion to remove oil layer by ultrasonic method to ensure
direct contact. Finally, a transparent epoxy resin (Devcon
5 min Epoxy) is used to seal all tubes and micro-needle
when necessary. No surface modification of the capillaries
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and the micro-needle is necessary during the flow focus-
ing, which reduces the experimental variability.

2.3 Micro-needle induced microfluidic fabrication
of liquid metal droplets

To generate the liquid metal droplets, we utilize the bulk
galinstan liquid metal and an aqueous solution containing a
10:2.9 by weight ratio mixture of glycerol and PVA solution
as disperse phase and continuous phase, respectively. The
PVA is chosen as a surfactant to be added into the glycerol
aqueous solution to prevent droplets against spontaneous
coalescence. Two glass syringes (Hamilton) containing two
different phases are installed onto syringe pumps (Harvard
Apparatus) and connected to the corresponding inlets of the
device. And then the inner and out phases are injected into
the glass device at a constant flow rate through the injec-
tion tube and the interstice between the injection tube and
square capillary, respectively. Instead of forming a spheri-
cal droplet on the glass substrate with a large contact angle,
Galinstan amalgamates metals on the metal surface (Tang
et al. 2014b). When pairs of immiscible fluids simultane-
ously flow across the capillary tip, by carefully adjusting
the flowrates of each phase, droplets can be created as the
less viscous liquid metal is pinched off by the highly viscous
glycerol aqueous solutions. A series of experiments show
that the flow rates for relatively steady droplets production
to be 5—15 pl/min for Galinstan and 100—1800 pl/min for the
glycerol solution.

3 Results and discussion

3.1 Restriction of the Plateau—Rayleigh instability
by micro-needle-induced viscous effect

The liquid metal manifests very weak wettability on the
glass surface, while the outer phase aqueous solution is easiy
to wet the glass surface. Therefore, in the inner capillary, the
liquid metal interface will destabilize spontaneously under a
small perturbation. When there is no micro-needle involved,
the development of the perturbation can be approximately
described by the Plateau—Rayleigh (P—R) instability. This
theory results in a characteristic time of the instability
7,=(pR*/y)"”, determined by the equilibrium between the
streamwise flow pR/T02 and the capillary effect y/R%. Here,
R, p, and y are the radius, density, and surface tension of the
liquid metal jet stream.

However, the flow dynamics is obviously different
when a micro-needle is introduced. The viscous effect is
increased dramatically due to the friction of the needle
surface and the corresponding enhancement of the shear
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rate in the inner phase flow. The situation when the micro-
needle with radius 7 is introduced is illustrated in Fig. 2.
Now assuming the perturbation profile of the liquid
metal jet is e =ey+ Aecos(x/A), the Laplace equation
expresses the capillary pressure across the interface:

1 > 1 d%
Ap=Cy = - ~ —2°).
P 4 e+r . 2 3/(e+r dx2>
(1 + (%) )
)]
According to the Poiseuille equation the O = %g,

where u=0.002 Pa s is the viscosity of the liquid metal
(Sivan et al. 2013), and G is the geometry parameter
describing the flow, we obtain the flow rate equation:

T 12u A A\R2 22/ &

where R~ e+ r. The conservation of the mass requires
% = —%, which leads to the following equation by substi-
tuting (2) and e=e,+ Aecos(x/1):

e _ Orle(l 1) 3)

o 12u 2\R 2

Equation (3) indicates the existence of a critical pertur-
bation wavelength 4. =R, below which the perturbation
will grow as dAe/dt > 0. We emphasize that this result is
consistent with the traditional P-R instability analysis.

Furthermore, Eq. (3) implicitly introduces the charac-
teristic time of the instability 7,..4.. Considering the influ-

ence of the contraction section of the inner phase capillary,

we obtain the expression of 7., .:

48R
Theedle = T ’ 4

where 6 is the average thickness of the liquid metal stream,
0=(R(x;)+R(x,) —2r)/2, R(x,;) and R(x,) are the inner

4 e=e¢,+Aecos(x/A)
AeT
€y
micro-needle, X
radius r E—— ]

TN

Fig.2 A schematic diagram of the instability of the liquid metal
stream in the inner phase flow
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radiuses of the tapered end on the different sides. L is
tapered-end’s length of the injection tube.

The stability of liquid metal droplet generation is closely
related to the characteristic time of the P-R instability. Spe-
cifically, a longer characteristic time indicates a more stable
generation performance. To demonstrate the significantly
enhanced stability of droplet formation in the proposed

design, the time ratio &, =17,..4./7, 18 defined as follow:

48Ry
£ = Theedle _ y8°
T - 12—
%0 (R /)"

_ 48R Ly
83\/py

Substituting the parameters based on the experimen-
tal values: y=0.534 N/m (Gol et al. 2015), R=290 um,
L~3 mm, 6~ 100 um, we can calculate that £, is about
251.84. Therefore, the needle-induced viscous effect can
increase the characteristic time of instability up to two orders
of magnitude. Our novel microfluidic flow focusing device
with the micro-needle can work much more stable and the
droplet generation is only determined by the pinch-off pro-
cess excluding the influence of the instability.

&)

3.2 The effect of micro-needle on liquid metal
droplet generation

To verify the function of the micro-needle in the liquid metal
droplet formation, we carry out the large-scale microdroplets
generation in the hydrodynamic focusing microfluidic device
without and with a metal needle. The flowrates for the dis-
persed and continuous phase are maintained at 10 ul/min and
300 pl/min, respectively, i.e., ¢ =30. As the capillary effect
is dominant in this microsystem, the contact angle and inter-
facial tension play key roles in droplet formation. As illus-
trated in Fig. 1a, when there is no micro-needle in the inner
phase capillary, the droplets generation process appears to
be unstable, rendering a cluster of highly ununiform droplets
jetting from the nozzle in 0.5 ms, and then the liquid metal
retracted back toward the inner capillary (Fig. 1c, Movie S1,
ESIT). After a few seconds interval during the liquid metal
re-fills the inner capillary, the droplet formation repeats
the aforementioned process. One of the possible reasons is
attributed to the weak surface wettability between the liquid
metal and the glass wall. It can also be ascribed to the fluidic
self-perturbance occurs when the liquid metal is cutting off
due to the combination of the high interfacial tension and
the existence of oxidation film on the liquid metal surface,
which causes further unevenness in the diameters of the
droplets (Fig. 3a). While with the micro-needle inside the
inner phase capillary, the Galinstan microdroplets can be
generated steadily and periodically with the identical drop-
let gap (Fig. 1f, Movie S2, ESI{). As the Galinstan liquid
metal is injected along the embedded micro-needle, a large

number of droplets with uniform size-distribution can be
quickly fabricated (Fig. 3c). The unstable process occurring
in the experiment without using the needle is never observed
here. The liquid metal wets the micro-needle easily because
of their similar hydrophilic properties, and thus maintain
the minimal total interfacial energies of the inner phase. In
particular, as we explain later, the significant improvement
of the new setup is attributed to the viscous effect induced by
the needle. To quantify the dimensional homogeneity of the
droplet, the histograms displaying the diameter distribution
for the above two approaches are shown in Fig. 3b, d. It can
be found that the average droplet diameter for the conven-
tional capillary device and the new proposed strategy are
approximately 181 um and 168 um, respectively. While the
variance of the droplet diameter normal distribution for the
novel approach is 2.19, which is much smaller than the con-
ventional droplet production method 18.03, testifying that
the micro-needle induced generation approach has greater
potential to produce homogeneous high interfacial tension
droplet.

To demonstrate the effect of surface wettability for micro-
needle on the droplet generation process, we then construct
the micro-needle induced co-flowing microfluidic device
with round glass rod having the identical diameter as metal-
lic micro-needle in the inner phase capillary. As expected,
with a round glass rod induced method, the liquid metal
cannot flow out smoothly with lower flowrate ratio of the
continuous phase to the disperse phase as ¢ =30, exhibit-
ing congestion phenomenon and a cluster of liquid metal
suddenly appearing in the vicinity of the capillary tip. The
small droplets are formed at a higher rate with nonperi-
odic breakup, when the internal flow and external phase
flow velocity are maintained at 10 pl/min and 300 ul/min,
respectively. Simultaneously, the continuously phase eventu-
ally flowed into the inlet capillary, forcing the liquid metal
to regress back into the inlet channel and giving rise to the
generation of satellite droplets (Fig. 3e). Compared with the
normal distribution of the droplet diameter for the above two
approaches (Fig. 3d, f), it can be clearly seen that the drop-
lets produced with the metal needle have much better uni-
formity. Since Galinstan liquid metal has more similar mate-
rial properties with the metallic micro-needle than the glass,
which may give better wettability performance for droplet
movement and adsorption on a microfiber media (Fang et al.
2015; Jamali et al. 2018; Manzo et al. 2016). Therefore, it
can be probably attributed to the better wettability between
the liquid metal and the metallic micro-needle than with the
glass capillary, which greatly affects the stability of droplet
formation.

The unstable breakup without the presence of the
micro-needle reported above can be explained under the
theoretical framework of the Plateau—Rayleigh instability
(the Reynolds number Re = pvd/u~O(1), p is the density

@ Springer
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(a)

200pm

Fig. 3 Fabricated micro-sized liquid metal droplet using conventional
co-flow capillary microfluidics method and the novel capillary micro-
fluidics with micro-needle in the inlet, when the flow rates of disperse
phase and continuous phase are maintained at 10 ul/min and 300 pl/
min, respectively. a Microscopy image showing a sample of poly-
disperse liquid metal droplets and b diameter distribution histogram
produced with conditional co-flow capillary microfluidics method. ¢
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microspheres and d diameter distribution histogram generated with
novel capillary microfluidics with metallic micro-needle induced. e
Microscopic image showing a sample of polydisperse liquid metal
microspheres and f diameter distribution histogram generated using a
round glass rod instead of a metallic micro-needle
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Fig.4 Fabricated liquid metal microspheres using micro-needle induced approach. a, b Are optical images of liquid metal collected from the
micro-needle induced capillary device. ¢ Plot of liquid metal droplet size versus the flowrate ratios of continuous phase to the disperse phase

of liquid metal, v is the average flow rate, d is the equiva-
lent diameter). This becomes a serious problem because
of the very high surface tension (6=0.534 N/m, one
order of magnitude larger than water, and the capillary
number Ca = pv/y~0(107°), y is the surface tension) of
the liquid metal and the very weak wettability of the lig-
uid metal on the glass wall. Considering the inner phase
liquid metal as a cylindrical liquid jet, the characteristic
time of the instability is approximately z,= (pR*/y)""* (de
Gennes et al. 2004), which is only about 0.3 ms. This value
explains the reason of the rapid breakup of the liquid metal
within about 0.5 ms that generates a cluster of nonuniform
droplets after being pinched off by the outer phase flow.
However, the flow dynamics is obviously different when a
micro-needle is introduced. The viscous effect is increased
dramatically due to the friction of the needle surface and
the corresponding enhancement of the shear rate in the
inner phase flow. We have performed a theoretical deduc-
tion to show that the needle-induced viscous effect can
increase the characteristic time of instability 7.4 Up tO
two orders of magnitude, i.e., approximately 0.1 s. There-
fore, the microfluidic flow focusing device with a micro-
needle can work much more stable and the droplet genera-
tion is only determined by the pinch-off process excluding
the influence of the instability. Nonetheless, the weak wet-
tability of the glass rod surface introduces additional fluc-
tuation of the interface of the metal liquid stream near the
rod, which will disrupt the stream and cause the generation
of polydisperse microdroplets.

3.3 The effect of flowrates ratios on liquid metal
droplet diameter

To demonstrate the flexibility of our newly proposed
metallic micro-needle induced approach, we controllably
fabricate the Galinstan liquid metal emulsions with dif-
ferent sizes by tailoring the flowrates of the continuous to
dispersed-phase flow rates ratios ¢. Large-scale prepara-
tion of liquid metal microspheres can be accomplished
with this approach (as shown in Fig. 4a, b). As illustrated
in Fig. 4c, with increasing flowrate ratio ¢, the droplet
diameter decreases from 306.6 um at ¢ =20 to 117.4 um
at @ = 120 where the disperse phase velocity is maintained
at 5 ul/min. The droplet diameter’s variance tendency is
resemblant with the increasing flowrate ratio for different
inner phase flow velocity, namely that the average droplet
diameter decreases relative dramatically when the flow-
ratio ¢ is below 70 and then diminishes slowly with the
increasing ¢. The liquid metal droplet diameter varies with
the flowrate ratio ¢ is in good agreement with previous
research which studied the droplet formation regularity
using a microcapillary device (Utada et al. 2005). Further-
more, smaller droplet with a diameter of 83 um is obtained
by increasing the inlet flow velocity to be 15 pl/min. The
results show that the micro-needle induce technique offers
an advanced platform for achieving uniformly distributed
liquid metal droplets, which may help design and fabri-
cate high performance miniaturized microfluidic actuators,
electrical switches and so on.

@ Springer



13 Page8o0f9

Microfluidics and Nanofluidics (2019) 23:13

4 Conclusion

In summary, we have demonstrated a convenient and reli-
able micro-needle induced glass capillary microfluidic
device with a metallic micro-needle embedded into the inner
phase capillary for large-scale preparation of Galinstan lig-
uid metal microdroplets with good monodispersity. This dis-
tinct method is effective to overcome the Plateau—Rayleigh
instability of the capillary-dominant microscale flow. When
liquid metal with high interfacial tension flows along the
micro-needle with suitable surface wettability, the micro-
needle will introduce crucial viscous effect to restrict the
hydrodynamic instability of the inner phase stream, eventu-
ally leading to the stable generation of monodispersed lig-
uid metal droplets. By comparing the metal micro-needle
and glass rod induced approach, we find that the good sur-
face wettability between materials are also dominant in the
breakup of the liquid metal. Through tuning the flow rate
ratio of continuous and disperse phase, we can achieve the
liquid metal microspheres of different sizes. Our strategy
exhibits highly controllable flexibility and allows precise
control of droplet size, which has a great potential in high-
throughput fabrication of uniformly droplet emulsion with
high surface tension.
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