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Abstract

The monodisperse magnetic liquid metal droplets have been proven to be very important in soft robots or machines and flex-
ible electronics. Unfortunately, the size and composition tunability is technically confined due to the scarce of the prepara-
tion method. This paper reports a 3D-printed coaxial microfluidic device to generate monodisperse magnetic liquid metal
droplets (MLMDs) with droplets sizes varied in a large range of 650 to 1900 pm. Owing to the inner-dispersed iron/nickel
(Fe/Ni) particles, the MLMDs with different magnetic contents possess unique magnetic field manipulation performance.
The minimum magnetic flux density driven the MLMDs is only 24 mT and the relative average actuating velocity reaches as
high as 5.1 cm/s, which means that the MLMDs can be precisely and rapidly manipulated. In addition, the manipulation of
the MLMDs by an external magnetic field has been illustrated in two-dimensional crooked channels and three-dimensional
spiral channels. The MLMDs move through the two kinds of channels smoothly and exhibit good magnetic maneuverability.
Finally, the potential feasibility of the MLMDs is further confirmed in small-sized electrical switches with the sequential
turning on of light-emitting diodes (LEDs).

Keywords Magnetic liquid metal droplets - Size controllable - 3D-printed device - Microfluidic - Magnetic manipulation

1 Introduction

Recently, gallium-based room temperature liquid metal
alloys such as Galinstan or EGaln have been widely used
due to their high surface tension, good flexibility, high
electrical/thermal conductivity, and low toxicity (Dickey
2014; Liu et al. 2012). These liquid metals show a wide
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variety of potential applications, including microelectrome-
chanical (MEMS) actuators (Bartlett et al. 2017; Shu et al.
2018; Tang et al. 2014), flexible and wearable electronics
(Chu et al. 2018; Hu et al. 2018; Ilyas et al. 2017), robot-
ics (Wang et al. 2019; Wu et al. 2018), and microfluidics
(Khoshmanesh et al. 2017). Among them, the magnetic
manipulation of liquid metals is of great significance. Most
commonly, the manipulation of liquid metals by an exter-
nal magnetic field is achieved via the modification of their
surface with magnetic particles. For example, liquid metal
droplets coated with iron (Fe) particles can be obtained in
microfluidic channels and applied on electrical switches
using an external magnetic field (Bilodeau et al. 2017; Jeon
etal. 2016, 2017; Jeong et al. 2019).

Versatile magnetic liquid metal droplets (MLMDs) have
been developed by altering the synthesizing method. Other
metal particles such as Cu also can be mixed with Fe and
uniformly dispersed in the liquid metal droplets. These lig-
uid metal droplets can be controlled using both magnetic and
electric fields (Li et al. 2019). Further research has shown
that nickel (Ni) can be electroplated on the surface of lig-
uid metal and the as-formed magnetic liquid metal droplet
(MLMD) motor can achieve autonomous locomotion by
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reacting with aluminum foil (Zhang et al. 2016). Although
these aforementioned liquid metal droplets showed prom-
ising mobility and exhibited extraordinary properties, the
size of these droplets was not controllable, which critically
limited their application in the micro-scale field. Therefore,
an easy method capable of generating size controllable
MLMD:s is pressingly needed.

With the development of microfluidic techniques, droplet-
based microfluidics is becoming a highly useful platform for
generating micro-droplets (Lee et al. 2009, 2016b; Nguyen
et al. 2018). Various liquid metal droplets with different
diameters have been generated based on the microfluidic
chips (Hutter et al. 2012; Jin et al. 2019; Tang et al. 2016).
The well-known fabrication method for microfluidic chips is
soft lithography. This method requires complicated manual
operations and is quite time-consuming, which brings diffi-
culties for applying the microfluidic techniques in generating
liquid metal droplets. In addition, platforms that produce
liquid metal droplets with smaller particle sizes need more
precise control and higher equipment requirements. It is
only suitable for professionals and is not easy to promote. In
recent years, with the advantages of high precision and easy
usage, 3D-printed technology gets through a rapid develop-
ment in additive manufacturing (Bhattacharjee et al. 2016;
Lee et al. 2016a; Yazdi et al. 2016). Based on the simple and
low-cost 3D-printed fabrication process, various microflu-
idic devices are increasingly used to get different kinds of
droplets (Ji et al. 2018; Song et al. 2019; Zhou et al. 2018).
These devices can be used in a plug-and-play manner and
are capable of controlling the size and shape of the droplets.
To this end, applying the 3D-printed microfluidic devices
to generate size controllable MLMDs become a potential
solution.

In this work, a 3D-printed coaxial microfluidic device
was developed to generate monodisperse magnetic liquid
metal droplets (MLMDs) with a large size variation range.
The magnetic liquid metal was obtained as dispersed phase
by dispersing Fe/Ni particles inside the liquid metal. The
relationship between the diameter of MLMDs and the flow
rate ratio of the two phases was studied. Subsequently, the
minimum magnetic flux density and the average actuating
velocity required to drive the MLMDs with different Fe/Ni
particle contents were controlled in this method. In addi-
tion, the manipulation of the MLMDs in crooked channels
with different angles and three-dimensional spiral channels
demonstrated that the MLMDs could be manipulated by
the magnetic field very well. Finally, by turning on/off of
the LED lamps, the MLMDs showed a wonderful electrical
switching applicability in the microfluidic channels.
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2 Materials and method
2.1 Device fabrication

The coaxial microfluidic device used in the experiments
was designed by SolidWorks 2013 (Dassault Systemes
S.A, Inc., USA) and then printed on the ProJet 3500
HDMax (3D Systems, Inc., USA). The highest resolution
of the printer is 750 X 750 X 1600 DPI, which means that
the minimum line width in xy plane is 34 pm and the mini-
mum layer thickness is 16 pm. The minimum orifice of
the coaxial microfluidic device is 250 pm, which means
the resolution is sufficient for the accuracy of the devices.
There were two kinds of materials (photosensitive resin
and wax) used for printing the devices. The wax was used
as a kind of sacrificed material for this device, and it can
be easily removed by heating it in a water bath.

The fabricated coaxial microfluidic device (Fig. 1d)
consisted of three modules, a top module (Fig. 1a), an
intermediate module (Fig. 1b) and a bottom module
(Fig. 1c). The cross-sectional illustrations of the designed
three modules and the coaxial microfluidic device were
shown in Fig. S2. Different modules were connected to
each other by triangular threads to ensure a reliable seal-
ing property (Morimoto et al. 2018). The top module has
a hollow cylinder and an inlet for the passage of the dis-
persed phase. The intermediate module has two coaxial
hollow cylinders and an inlet for the passage of the con-
tinuous phase. The bottom module has an orifice to form
monodisperse droplets under the coaxial flow-focusing
mechanism and an outlet port to release the droplets, and
the orifice diameter can be changed to vary the droplets
diameter. The intermediate module also has an orifice for
the infusion of the dispersed phase, and it can connect
with other microfluidic modules at both its inlet and outlet
using screw threads.

As we know, the coaxial flow focusing mechanism is
to form droplets by overcoming the surface tension of the
continuous phase by the shear stress of the dispersed phase
(Gu et al. 2011). Figure le shows the general structure of
the axisymmetric channel in coaxial microfluidic device
and the process for producing MLMDs. The formation
type of droplets depends on the capillary number Ca of the
interface between the inner and outer fluid. When Ca< 1,
the droplets are formed in the dripping mode and their
monodispersity is better than those formed in the jetting
mode (Ca>1). Figure 1f shows the typical preparation of
MLMDs in the dripping mode, the droplets are formed
close to the exit of the orifice. In this mode, dispersed
phase occupies a fraction of space of the throat, continu-
ous phase can flow through the orifice easily, and thus
viscous force F, (caused by the viscous stress acting on the



Microfluidics and Nanofluidics (2020) 24:30

Page3of14 30

Inlet
port
Inlet
port
Male
i
screw
1mm
B F | Inlet
~_Female port
screw \
Male > Connection
screw 1
with screws
~ 8 \Inlet
port
imm
Female
kil Outlet ~—__ Outlet
_~ port J port
imm imm

Fig. 1 Images of coaxial microfluidic devices. a Image of top mod-
ule, b intermediate module, ¢ bottom module and d coaxial microflu-
idic device composed of three modules. e Schematic formation pro-

interface) combining with the interfacial tension force F|
determines the breakup of droplet. The hydrostatic pres-
sure F, is not the key parameter of breakup in this mode.
With the pump of dispersed phase, tip starts to grow, and
F), stretches the tip moving downstream until the weaker
F, is no longer strong enough to hold the tip. To this end,
the droplet is formed. The droplet diameter can be pre-
dicted by the following equation,

D orifice

[Oor e9)
O +1

where Dy, is the diameter of the generated droplets,
D ificc 18 the diameter of the orifice in the bottom module,
Qor and Q. are the flow rate of the outer and inner fluid, C
is a constant value depending on the properties of the fluids
used. From this formula, the size of droplets was control-
lable by changing the flow rate ratio (Morimoto et al. 2009).

D droplet — C

2.2 Preparation of magnetic liquid metal

In order to form monodisperse MLMDs with controllable
sizes, water containing 15 wt% poly(ethylene glycol)(PEG)
was used as the continuous phase, and magnetic liquid metal
(Galinstan) was used as the dispersed phase. The magnetic
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Magnetic liquid
metal droplets

cess for producing MLMDs. f Formation sequence of MLMDs in the
dripping regime

liquid metal was obtained by mixing magnetic particles
into Galinstan liquid metal with 1 mol/L HCI solution. To
increase the content of magnetic particles in the obtained
MLMDs, the liquid metal was, respectively, mixed with
three kinds of magnetic particles: iron (Fe) particles (6 pm),
nickel (Ni) particles (5 pm) and Fe/Ni particles (mass ratio
1:1) (Fig. S1). Firstly, 80 pL of liquid metal and 50 mg mag-
netic particles were mixed. Then an appropriate amount of
HCI solution was added and the mixture was stirred for
15 min until the absorption of the magnetic particles by the
liquid metal was saturated. During the mixing process, the
mass variation of liquid metal was measured to calculate
the absorption rate. The calculation results in Table S1 of
the Supporting Information indicated that Fe/Ni particles
have the highest absorption rate than the other two kinds of
particles. Therefore, the method of mixing liquid metal with
Fe/Ni particles was chosen in this paper. Since the increase
in the Ni content reduced the fluidity of the Galinstan liquid
metal, the maximum Fe/Ni content in magnetic liquid metal
was controlled at 10 wt% (Ma et al. 2019).

2.3 Materials and experimental setup
The galinstan liquid metal, iron (Fe) and nickel (Ni) particles
were purchased from Sigma-Aldrich. Poly(ethylene glycol)

(PEG), Hydrochloric acid(HCl) and Tween 20 were obtained
from Sinopharm Chemical Reagent Co., Ltd. Deionized
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water was used in these experiments. The micromorphol-
ogy of the MLMDs was observed by means of scanning
electron microscopy (SEM) and related energy-dispersive
X-ray spectrum (EDX) (SEM 500, Zeiss, Ltd.). A magnetic
property measuring system (MPMS) vibrating sample mag-
netometer (VSM) (SQUID, Quantum Design Co., Amer-
ica) was used to study the magnetic hysteresis loops of the
MLMDs with different Fe/Ni particle contents. The rheolog-
ical properties of the magnetic liquid metal were carried out
by a commercial rheometer (Physica, MCR 302, Anton Paar
Co., Austria) with a magnetic field generator. The images of
the MLMDs were captured via the microscopy and a CCD
camera (Nikon, Japan). Acrylonitrile butadiene styrene
(ABS) materials were used to print the models in Fig. 8 and
9 and the printing temperature of this material was 220 C.

3 Results and discussion

3.1 Generation of the MLMDs

The preparation process of the magnetic liquid metal was
shown in Fig. 2a. 0.37 g Fe/Ni particles were added into
0.5 mL Galinstan liquid metal, then 1 mol/L HCI solu-
tion was added and stirred at room temperature for 15 min.
Finally, the magnetic liquid metal with Fe/Ni content of
10 wt% was obtained. Before the addition of the HCI solu-
tion, there was an oxide layer on the surface of the liquid
metal due to exposure to the air. This oxide layer hinders
the absorption of Fe/Ni particles into the liquid metal and
makes it appear non-spherical. The HCI solution removes
the oxide layer on the surface of the liquid metal, and the
Fe/Ni particles can be well mixed with the liquid metal (Hu
et al. 2019). After adding the HCI solution, the liquid metal
turned to have a curve surface due to the changed surface
tension. Figure 2b displays the SEM images of the liquid
metal before and after stirring with HCI solution. Clearly, its
surface changed from smooth to rough after stirring, which
must be attributed to the addition of magnetic particles.
Originated from the magnetic Fe/Ni contents, the magnetic
liquid metal had the characteristic magnetic property and
the hysteresis loops of the samples were investigated by a
MPMS VSM at room temperature (Fig. 2¢). All the hyster-
esis loops were smooth and no hysteresis was found, which
indicated the coercive forces and the residual magnetizations
approached to zero. Clearly, all the magnetic liquid metal
exhibited soft magnetic behavior. The magnetic saturation
(Ms) of the magnetic liquid metal with Fe/Ni content of 4,
6, 8 and 10 wt% were 11, 12, 13, and 16 emu/g, respectively.
Because the liquid metal was non-magnetic, the variation of
the Ms must be corresponding for the different contents of
the Fe/Ni particles.
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Based on the above 3D-printed coaxial microfluidic
device and magnetic liquid metal, the monodisperse size
controllable MLMDs can be uniformly generated and the
sizes are controllable by varying the experimental condi-
tions. Two high accurate syringe pumps (LSP02-1B, Longer-
Pump) were used to pump the two phases into the device.
The coaxial microfluidic device was connected to syringes
through tubes, wherein the inlet for the dispersed phase was
directly connected to a syringe to ensure a smooth input
of the magnetic liquid metal (Fig. 2d). The droplets were
collected in a petri dish with water containing Tween 20 to
prevent droplets against spontaneous coalescence. In order
to study the controllable range of the droplets diameter, the
ratio of the continuous phase (Q,) and the dispersed phase
(Q4) was changed from 3 to 24 (Q_/Q,) because according to
Eq. (1) the droplet diameter was a function of the flow rate
ratio and the orifice diameter. The orifice diameter of the
bottom module was also changed from 250 to 400 pm. As a
result, the droplet diameter decreased as the flow rate ratio
0./Q, increased and the orifice diameter became smaller
(Fig. 2e). The largest and smallest diameter of the MLMDs
was about 650 pm and 1900 pm, respectively. Different
orifice diameters corresponded to different droplet diam-
eter variations. The droplet diameter changed from 650 to
1000 pm when the orifice diameter was 250 pm. For the
orifice diameter of 300 and 400 pm, the droplets diame-
ter changed from 950 to 1390 pm and 1400 to 1900 pm,
respectively. So the droplet diameter could be controlled in
the range of 650 to 1900 um when the flow rate ratio and
the orifice diameter of the bottom module were changed.
This confirms that the diameter of the generated MLMDs is
controllable by changing the experimental conditions (Fang
et al. 2019b).

During the preparation, when the orifice diameter was
250 pm, magnetic liquid metal and water containing 15 wt%
poly(ethylene glycol)(PEG) were infused at 0.5 mL/h and
12 mL/h, respectively, the average diameter of the as-formed
MLMDs was about 650 um (Fig. 3a). The MLMDs have a
uniform diameter distribution with a variation coefficient
less than 5% (Fig. S3a), indicating a high reliability of the
preparing method. When the infuse speed of the water was
decreased from 12 mL/h to 3 mL/h and 2 mL/h, the droplet
diameter increased to about 760 and 896 pm (Fig. 3b, c).
The variation coefficient of the diameter distribution was all
less than 5% (Fig. S3b, c). At the same flow rate ratio, when
the orifice diameter was 300 pm and 400 pm, the diameter
changed to 971, 1094, 1221 pm (Fig. 3d-f) and 1384, 1518,
1696 pm (Fig. 3g—i). This indicated that the diameter of
the monodisperse droplets became larger when the orifice
diameter increased. On the other hand, the feasibility of
using 3D-printed coaxial microfluidic devices to generate
monodisperse size controllable MLMDs was demonstrated.
Scanning electron micrograph (SEM) and mapping images
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of the obtained MLMDs (10 wt% Fe/Ni particles) showed
that Fe and Ni particles were uniformly distributed in the
liquid metal matrix (Fig. 4a). The related energy-dispersive
X-ray spectrum (EDX) showed the detailed distribution of
the Ga, In, Sn, Fe and Ni elements in the MLMDs (Fig. 4b).
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MLMDs with different Fe/Ni contents. d A macroscopic view of the
coaxial microfluidic device used in this study. e Relationship between
the diameter of the MLMDs and the flow rate ratio of the two phases
under different orifice diameters

The same results were also found in the MLMDs with 6
wt% and 8 wt% Fe/Ni particles (Fig. S4). The content of
Fe/Ni particles was 10 wt% and the relative magnetic force
was large enough to make the MLMDs be responsive to
the magnetic field. Although the surface of the MLMD was
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Fig.3 a—c Optical image of the MLMDs using a coaxial microfluidic
device at the flow rate ratio of 24, 6 and 4 when the orifice diameter
was 250 pm. d—f The MLMDs using a coaxial microfluidic device
at the flow rate ratio of 24, 6 and 4 when the orifice diameter was

uneven and many protrusions were presented, the liquidity
of the MLMDs was well preserved.

3.2 Rheological property of magnetic liquid metal

To control the magnetic manipulation performance, the mass
fractions of Fe/Ni particles were varied from 4 wt% to 10
wt%. Here, rheological properties of the magnetic liquid
metal under different magnetic flux density were explored
by the Anton Paar rheometer (Fig. 5a). Schematic image of
the test system was shown in Fig. 5b. The test temperature
was 25 °C, the shear rate varied from 0.01 to 100 s~! and
the maximum magnetic flux density was 720 mT. Figure 5c
showed the typical shear rate dependent shear stress of the as
prepared magnetic liquid metal. It was found that the shear
stress was dependent on the mass fractions of Fe/Ni parti-
cles. Obviously, under the same shear rate, the magnetic
liquid metal with 10 wt% Fe/Ni content showed higher shear
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300 pm. g—i The MLMDs using a coaxial microfluidic device at the
flow rate ratio of 24, 6 and 4 when the orifice diameter was 400 pm.
Scale bars: 500 pm

stress than the others with the mass fractions of 4, 6 and 8
wt%. Figure 5d showed the influence of the shear rate on
the viscosity of the magnetic liquid metal with different Fe/
Ni contents. It was found that the increased shear rate led
the decrement of the viscosity and the viscosity increased
with the increase of the Fe/Ni content under a low shear
rate (<1 s7Y). Under the high shear rate, the viscosity of the
magnetic liquid metal with different Fe/Ni content tended to
be the same, showed a shear thinning behavior.

Figure 5e showed the influence of the magnetic field on
the viscosity of the magnetic liquid metal with 10 wt% Fe/Ni
content at different shear rate. The viscosities increased with
the increase of magnetic field because the increment of the
magnetic field caused more internal molecular friction due
to the rapid movement of dispersed magnetic particles inside
the magnetic liquid metal (Ahmed et al. 2018). The effect
of the magnetic field on the viscosity was evident in the
case of a small shear rate, but this effect gradually decreased
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Fig.4 a SEM images of the Fe/Ni particles dispersed in the MLMDs, and the related element mapping of Fe, Ni, Ga, Sn and In, respectively. b

EDX diagram of the MLMDs and its elemental composition

as the shear rate increased. Figure 5f showed the magnetic
field dependent viscosity of the as prepared magnetic liquid
metal under the shear rate of 100 s~ The viscosities of the
magnetic liquid metal with different Fe/Ni contents firstly
reached the highest value and then tend to level off when
the magnetic flux density was above 500 mT. The largest
viscosity of the magnetic liquid metal with 10 wt% Fe/Ni
content was 5.7 Pa-s, which was higher than the others under
the same magnetic field. Similar results were also obtained
under the shear rate of 1 s~! and 10 s~! (Fig. S5). This meant
that the Fe/Ni content also had a significantly effect on the

viscosity of the magnetic liquid metal (Fang et al. 2019a;
Lei et al. 2018; Tong et al. 2018). That is why the increase
of magnetic particles content can affect the fluidity of the
Galinstan liquid metal.

3.3 Magnetic manipulation of the MLMDs
In order to analyze the magnetic control performance of
the MLMDs, the relationship between the diameter of

the MLMDs and the minimum magnetic flux density B
required to drive the MLMDs with different contents of
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the relationship between the droplets diameter and the
measured minimum B required to drive the MLMDs
with different Fe/Ni contents. As the diameter increased,
the minimum B required to drive the MLMD gradually
decreased under the same Fe/Ni content. The minimum
B reduced with the increased content of Fe/Ni particles
under the same droplet diameter because the droplets with
higher magnetic particle contents had larger magnetism.

Next, the relationship between the average actuating
velocity and the diameter of the MLMDs with different
Fe/Ni contents under an external magnetic field was also
studied. A magnet (NdFeB) was fixed on the steel ruler
at the position of 3 cm, which was placed under a petri
dish filled with 1 mol/L HCI solution (Fig. 6d). The mag-
net was slowly brought close to the droplet, and the time
required for the droplet to move from the start to the end
and the distance elapsed were recorded to calculate the
average actuating velocity. Figure 6¢ presented the value
of the magnetic flux density at different distances from
the magnet. The maximum value was measured to be 220
mT when the Tesla meter was nearby the magnet and
decreased to nearly zero once the distance reached 20 mm.
The magnetic flux density was also simulated using COM-
SOL 4.4 (COMSOL Inc., USA) and the measured val-
ues were almost consistent with the results of numerical
simulations. Figure S6 showed the numerical simulations
of the magnet used in this work. The calculated average
actuating velocity of the MLMDs with different diameters
was shown in Fig. 6e.

In general, the MLMDs with higher Fe/Ni contents can
induce larger actuating velocity under the same diameter.
The highest average actuating velocity was 5.10 cm/s for
the MLMDs with a high Fe/Ni content of 10 wt%. Under
the same content of Fe/Ni particles, the actuating veloc-
ity gradually decreased with the diameter increased when
the diameter was lower than 900 pm. However, for the
MLMDs with higher Fe/Ni contents of 8 wt% and 10 wt%,
an increase in velocity could be observed when the diam-
eter was larger than 900 pm. This was because when the
droplet moved in HCI solution, it was mainly subjected to
the magnetic driving force F, of the magnet,

F, = 43022 ®)

the resistance force F), in the solution,

T
F, = ECPHCWZRZ 3)

and the frictional force f,
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4
f= §”R3ﬂg(PMLM — Puci) 4

here the droplet is assumed to be spherical and the frictional
force between the droplet and the substrate is neglected, so
the actuating velocity of the droplet can be expressed as,

A
V= ox (5)
3(m+ zR*hCpyq)

where M is the magnetization, m and R are the mass and
the radius of the droplet, H, is the magnetic field strength
in the x direction, C is the drag coefficient, pyy p and pye
denote the density of the droplet and the HCI solution, 4 is
the distance traveled by the droplet and y is the coefficient
of friction. When the diameter is smaller than 900 pm, as the
diameter increases, the resistance force Fy grows faster than
the magnetic driving force F,, under the same Fe/Ni con-
tent, resulting in a gradual decrease in the average actuating
velocity. With the increase in Fe/Ni content, the magnetiza-
tion M increases. Therefore, the growth of magnetic driving
force F,, gradually becomes faster according to Eq. (2), and
the growth trend becomes more obvious when the diameter
becomes larger. So when the diameter is larger than 900 pm,
there is an increase in the average actuating velocity for the
MLMDs with a Fe/Ni content of 8 wt% and 10 wt%.

3.4 Application of the MLMDs under a magnetic
field

Based on the magnetic driven properties of the MLMDs,
the magnetic manipulation in a complex channel with dif-
ferent angles was further investigated. A double nozzle high
precision 3D printer (Flashforge, 1td., China) was utilized to
print a 1000 pm wide, 800 pm deep channel model with five
different angles of 45°, 60°, 90°, 120° and 135° (Fig. 7a).
The overall size of the model was 25 mm X 25 mm X2 mm.
Figure 7b showed the movement of a MLMD (800 pm, 10
wt% Fe/Ni particles) through the HCI fully-filled chan-
nel with different angles (See Movie S1 in the Supporting
Information). By placing the magnet under the channel, the
MLMD could successfully pass through the turns with dif-
ferent angles. Since the volume of the MLMD was small,
separation did not occur when moving at the angle of 90°.
This experiment revealed that the MLMD was very flex-
ible and could be manipulated in a limited space using a
magnetic field.

The magnetic manipulation of the MLMD (800 pm, 10
wt% Fe/Ni particles) in a three-dimensional spiral chan-
nel was also studied. The three-dimensional spiral channel
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A

2mm

Fig.7 a Schematic diagram of the crooked channel with differ-
ent angles. b Movement of the MLMD in the crooked channel with
different angles under a magnetic field. ¢ Schematic diagram of the

model was printed with a top diameter of 12 mm, a bottom
diameter of 20 mm and a height of 10 mm (Fig. 7c). The
cross-sectional dimension of the channel was 1 mm X 1 mm,
and it was filled with HCI solution. Figure 7d showed the
entire process of the MLMD climbing from the bottom to the
top of the channel (See Movie S2 in the Supporting Informa-
tion). The MLMD gradually climbed up the channel under
the action of a magnet. As the height increased, the friction
of the channel wall increased due to the decrease of the HCI
solution, which resulted in a decrease of the droplet veloc-
ity. However, the whole process could still be completed,
confirmed that the droplet had good maneuverability under
an external magnetic field.

Based on the above study, the MLMDs can also be
applied for electrical switching application due to the
electrical conductivity and magnetic field dependent
mobility. In this work, an on-off switch model was printed
using the 3D printer and the overall size of the model
was 35 mm X 10 mm X 2 mm (Fig. 8a). The main chan-
nel had a size of 30 mm X 1 mm X 1.2 mm for the move-
ment of a MLMD (800 pm, 10 wt% Fe/Ni particles). The
dimensions of the channels located on both sides were
5 mmX 1 mm X I mm for embedding the copper wires. The

three-dimensional spiral channel. d The MLMD climbs along the
three-dimensional spiral channel

copper wires were pre-coated with a layer of tin to ensure
good contact with the MLMD. The channels located on
both sides were slightly higher than the main channel to
prevent the wires from contacting with the HCI solution.
A 2 mm thick PDMS film was glued to the surface of the
switch model and two holes were punched in the film for
the ingress and egress of the MLMD.

The MLMD moved with the magnet by positioning the
magnet underneath the switch model. When the droplet
passed between two wires, the wires were connected and
the corresponding LED lights were illuminated (Fig. 8b).
By manipulating the MLMD in the channel with the
magnetic field, the LEDs were sequentially turned on
(See Movie S3 in the Supporting Information). Figure 8c
showed the time-lapse images of the magnetic movement
of the MLMD in HCI partly-filled main channel. In this
experiment, the droplet was successfully manipulated
for small-sized electrical switching application, which
revealed that the MLMDs exhibited great potential in
micro-scale fields. This result also demonstrates that the
magnetic manipulation is a promising method for non-
contact on-off switch applications.

@ Springer
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Fig.8 a Schematic diagram of the magnetic control switch model. b Conceptual schematic image of manipulating the MLMD to turn on LEDs.
¢ Time-lapse images of turning on LEDs by manipulation of the MLMD with an applied magnetic field
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4 Conclusion

In this work, an easy method was developed to generate
micro-sized MLMDs with controllable size by a 3D-printed
coaxial microfluidic device. The MLMDs were composed of
Galinstan and Fe/Ni particles, thus it could respond to the
magnetic field. Then, the MLMDs with a large diameter var-
iation between 650 and 1900 pm were formed by changing
the flow rate ratio of the two phases. Furthermore, the char-
acterization of magnetic properties indicated that a small
magnetic flux density can already produce a high actuating
velocity when the MLMDs had a high Fe/Ni particle con-
tent. The magnetic manipulation of a MLMD was success-
fully demonstrated in a two-dimensional crooked channel
and a three-dimensional spiral channel. Thanks to the high
conductivity and magnetic controllability of liquid metal,
the small-sized electrical switches based on the MLMDs can
be realized. The excellent controllability and good magnetic
maneuverability make the MLMDs have wide potential in
the micro-scale field, which expands the applicability of lig-
uid metal in diverse practical applications.
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