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Formation of Spherical and Non-Spherical Eutectic 
Gallium-Indium Liquid-Metal Microdroplets in Microfl uidic 
Channels at Room Temperature

    Tanya   Hutter  ,     Wolfgang-Andreas C.   Bauer  ,     Stephen R.   Elliott  ,   *      and   Wilhelm T. S.   Huck   *   
 Here, the formation of eutectic Gallium-Indium (EGaIn) liquid-metal micro-
droplets, both spherical and non-spherical, in microfl uidic devices at room 
temperature is reported. Monodisperse microdroplets were created in an 
aqueous polyethylene glycol (PEG) solution, in oxygenated and in deoxygen-
ated silicone oil. The volume of the droplets depends on the channel dimen-
sions and fl ow rates applied, varying between 0.5 and 4 nL. Non-spherical 
droplets were formed in oxygenated silicone oil due to the instantaneous 
formation of an oxide layer. These metal “micro-rice” droplets retained their 
shape and did not spontaneously refl ow to form shapes of the lowest interfa-
cial energy on egress from the channel, unlike in aqueous PEG solution and 
in deoxygenated silicone oil. Liquid-metal droplets with such tunable mor-
phology can potentially be used in MEMS devices for optical and electrical 
switches, valves and micropumps. 
  1. Introduction 

 Microdroplets in microfl uidics have become a highly interesting 
platform in various research areas, such as chemistry, biochem-
istry, molecular biology, and materials science. [  1–3  ]  A key advan-
tage of droplet-based microfl uidic systems over conventional 
bulk emulsifi cation techniques is the possibility to produce 
monodisperse microdroplets with a wide range of accessible vol-
umes (typically fL to nL). [  4  ]  Moreover, the microfl uidic approach 
allows for high-throughput droplet generation at frequencies of 
the order of tens of kHz, [  5  ]  as well as for the integration of func-
tional modules enabling precise modes of droplet manipulation 
on-chip, e.g., droplet fusion, [  6  ,  7  ]  splitting [  8  ]  and sorting. [  9  ]  It has 
also been demonstrated that microdroplet technology can easily 
be combined with a range of analytical methods, such as mass 
spectrometry, [  10  ]  fl uorescence detection [  11  ]  or optical tweezers. [  12  ]  
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 Mercury droplets have been used in 
microchannels as electrodes for electro-
chemistry, [  13  ]  where the liquid mercury 
adopts a shape that minimizes its surface 
energy. Recently, the fabrication and char-
acterization of liquid-metal microfl uidic 
electrodes, where the channels defi ne 
the shape and position of the aligned 
microelectrodes, have been described. [  14  ]  
Polydimethyl siloxane (PDMS) is able to 
withstand temperatures up to 400  ° C for 
limited times [  15  ]  and therefore it is pos-
sible to inject molten metals and alloys 
(e.g., In, Sn, Ga, In/Sn, In/Ag, Ga/In) 
into PDMS microfl uidic channels by 
heating the metals and channels, and 
allowing the metal to solidify therein on 
cooling. [  16  ]  Production of Bi alloy particles 
in microfl uidic channels was reported. [  17  ]  
The authors formed liquid-metal droplets at a temperature that 
is above the liquid–solid phase transition of the alloy, and then 
cooled the outlet channel to a lower temperature to solidify the 
droplets. 

 Alloys based on gallium and indium are used as heat-transfer 
agents, as lubricating materials and low-temperature solders. In 
microfl uidics, such non-toxic liquid metals have been reported 
to be used as electrodes. Eutectic Gallium-Indium (EGaIn) is a 
low-viscosity liquid above 15.3  ° C, with a composition of 75.5% 
Ga and 24.5% In by weight. EGaIn has low toxicity, low electrical 
resistivity, low viscosity and low vapor pressure. It has been 
shown that EGaIn can readily fl ow and fi ll microchannels. [  18  ]  
According to previous studies, [  14  ,  18–20  ]  gallium-based alloys 
easily oxidize in air at room temperature to form a thin Ga 2 O 3  
‘skin’, which helps to stabilize mechanically the alloy within the 
microchannels. The skin is so thin that it does not alter sig-
nifi cantly the electrical properties of the alloy. [  19  ]  In order to be 
able to fl ow the metal into a channel, the applied pressure at 
the inlet has to exceed the critical pressure required to rupture 
the skin. [  18  ]  The smaller the cross-sectional dimensions of the 
channel, the higher the critical pressure. The oxide skin is also 
responsible for the production of stable free-standing structures 
in which the surface energy is not minimized, as in normal liq-
uids, and thus various shapes can be created. [  19  ]  

 Different devices based on metals in microfl uidics have 
been reported: a hyperelastic pressure transducer has been 
fabricated by embedding silicone rubber with microchan-
nels of conductive liquid EGaIn. [  21  ]  Microfl uidic channels of 
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a particular shape and fi lled with mercury have been used to 
make a reconfi gurable electromagnetic metamaterial operating 
at microwave wavelengths. [  22  ]  There is a growing demand for 
stretchable antennas for implantable medical devices, remote 
sensing, interactive gaming and body-worn deformable devices. 
High-performance stretchable antennas have been fabricated, 
based on liquid-metal Galinstan (a eutectic alloy of Ga, In and 
Sn) fi lling microstructured channels in an elastic dielectric 
material. [  23–25  ]  Elastic liquid-metal antennas based on a eutectic 
gallium and indium alloy have been fabricated. [  26  ,  27  ]  Microdro-
plets have the unique features of uniformity, periodicity and 
self-assembly that make them suitable for optics. Microfl uidic 
droplets have been utilized in optics as reconfi gurable optical 
diffraction gratings. [  28  ,  29  ]  

 Another important application of liquid metal-droplets is in 
continuous electrowetting (CEW) devices, where single liquid-
metal droplets are placed in a capillary or microfl uidic channel 
and driven in an electrolyte-fi lled capillary by locally modifying 
the surface tension with a varying electric potential. [  30  ]  This tech-
nique can be applied to fabricate optical switches, micropumps 
and microvalves for microelectromechanical systems (MEMS) 
devices, and it has very important advantages, including low 
driving voltage, high speeds and smooth operation without fric-
tion and wear. [  31  ]  An ultra-high contrast light valve was fabri-
cated with liquid gallium displaying a very high contrast ratio 
and fast response time. [  32  ]  The problem has been that it is dif-
fi cult to build such devices with a single repeatable liquid-metal 
droplet inside a microchannel. Various methods have been pro-
posed to solve this problem; [  33  ,  34  ]  however they are time con-
suming and complicated. Producing metallic microdroplets 
in microfl uidic channels, and then manipulating them into 
desired locations, would therefore open the way forward to pro-
duce reproducible devices compatible with mass production. 

 Here we report on the formation of EGaIn liquid-metal 
microdroplets in microfl uidic channels at room temperature. 
The droplet formation has been studied for different kinds of 
carrier liquids and various fl ow rates. The compatibility of sur-
factants to stabilize the formed liquid-metal droplets is demon-
strated. Interestingly, under certain circumstances, the formed 
microdroplets do not spontaneously coalesce but retain their 
shape. Therefore, under such conditions, there is no need to 
add any surfactants and non-spherical geometries can be pre-
served. We show that the channel dimensions are critical in 
forming the shape of the microdroplets; wider channels favor 
spherical microdroplets, while narrower channels produce rod-
like drops with an aspect ratio of  ∼ 2 (“micro-rice”).   

 2. Results and Discussion  

 2.1. Droplet Formation in Aqueous PEG Solution 

 In a fi rst series of liquid-metal droplets formation experi-
ments, we used water containing 20 wt% poly(ethylene glycol) 
(PEG) and 5 wt% sodium dodecylsulfate (SDS) as the contin-
uous phase at volumetric fl ow rates of 200  ≤  Q c   ≤  900  μ L h  − 1 . 
PEG was used in order to create a high-viscosity fl uid. The 
use of SDS was necessary, as omitting the surfactant caused 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2624–2631
large-scale coalescence of produced droplets when extruding 
them through a piece of tubing into the storage beaker. As the 
dispersed droplet phase, we introduced EGaIn at fl ow rates of 
100  ≤  Q d   ≤  800  μ L h  − 1 . Keeping the total fl ow rate (Q c   +  Q d ) at 
a constant value of 1000  μ L h  − 1 , we systematically varied the 
fl ow-rate ratio (Q c /Q d ) between 0.25 and 9. For the production 
of liquid-metal microdroplets, we used PDMS-based microfl u-
idic devices exhibiting a simple fl ow-focusing geometry, with 
either a 40  μ m or 80  μ m cross-section at the narrowest part of 
the nozzle (Supporting Information, Figure S1 and Figure S2, 
respectively). In order to adjust the channel surface properties 
to the aqueous continuous phase, we deposited a hydrophilic 
polyelectrolyte multilayer onto the channel wall prior to experi-
ments, as described elsewhere. [  35  ]  The liquid-metal droplet for-
mation process was monitored on-chip via a high-speed camera 
attached to an optical microscope.  

 2.1.1. Droplet Formation in 40  μ m Flow-Focusing Devices 

 Microscopy images obtained from movies recorded at different 
fl ow-rate ratios using the 40  μ m nozzle geometry are shown 
in  Figure    1   a . Based on these movies (Supporting Information, 
Movie M1) taken at a constant frame rate of 2400 pictures per 
second, we calculated droplet-formation frequencies for each 
Q c /Q d  value. Moreover, droplet volumes were obtained by 
dividing the volumetric fl ow rate Q d  by the formation frequency. 
Both frequencies and droplet volumes are plotted against 
Q c /Q d  in Figure  1 b. With increasing fl ow-rate ratios from Q c /
Q d   =  0.25 to Q c /Q d   =  9, i.e., with decreasing relative fl ow rates 
of the liquid metal, droplet volumes exhibit a sharp drop from 
1.6 nL to 0.25 nL, respectively, which is confi rmed by comparing 
the microscopy images in Figure  1 . In contrast, with increasing 
fl ow-rate ratios, the droplet-formation frequency rises from 138 
Hz at Q c /Q d   =  0.25 to its maximum of 276 at Q c /Q d   =  1 before 
it gradually decreases to 112 at Q c /Q d   =  9. This behavior can 
be explained by the fact that the decline in droplet volume with 
increasing Q c /Q d  promotes the formation frequency, whereas 
the reduction of the relative liquid-metal fl ow rate works in the 
opposite direction. Due to the steepness of the volume curve at 
low fl ow-rate ratios (Q c /Q d   <  1), the formation frequency is dom-
inated by the stimulating volume effect. As the volume curve 
fl attens with increasing fl ow-rate ratio, the frequency becomes 
dominated by the inhibitive fl ow-rate effect for Q c /Q d   >  1.  

 At a fl ow-rate ratio of 3, we collected the liquid-metal droplets 
in aqueous PEG solution in a reservoir (Figure  1 c). It can be seen 
that the droplets are stable and do not coalesce. The histogram 
displaying the diameter distribution of the droplets is shown in 
Figure  1 d. It was determined by fi tting circles to 100 droplets 
(ImageJ software); based on the area values (in square pixels), 
the droplet diameters (in pixels) were calculated, which were 
then converted into diameters (in  μ m) using a microscope scale 
bar. The average droplet diameter was found to be 83 ( ±  0.7)  μ m. 
The standard deviation being below 1% of the mean diameter 
proves that the EGaIn microdroplets are truly monodisperse.   

 2.1.2. Droplet Formation in 80  μ m Flow-Focusing Devices 

 The liquid-metal droplet formation at different fl ow-rate ratios 
in the microfl uidic chip using the 80  μ m nozzle size is shown 
2625wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  1 .     Liquid-metal droplet formation in aqueous PEG solution using 
a device with 40  μ m nozzle geometry. a) Series of microscopy images 
depicting the droplet generation at different fl ow- rate ratios. b) Forma-
tion frequency and volume of liquid-metal droplets vs .  fl ow-rate ratio 
Q c /Q d . c) Microscopy image showing a sample of liquid-metal droplets 
produced at Q c /Q d   =  3 inside a reservoir. d) Droplet diameter distribu-
tion of the sample.  

     Figure  2 .     Liquid-metal droplet formation in aqueous PEG solution using 
a device with 80  μ m nozzle geometry. a) Series of microscopy images 
depicting the droplet generation at different fl ow-rate ratios. b) Formation 
frequency and volume of liquid-metal droplets vs. fl ow-rate ratio Q c /Q d .  
in  Figure    2  a. In Figure  2 b, the droplet-formation frequency and 
droplet volume are plotted against the fl ow-rate ratio. Comparing 
these curves to the ones referring to the 40  μ m nozzle (Figure  1 ), 
very similar trends can be observed, i.e., with increasing Q c /Q d , 
the volume drops sharply and the frequency rises to a maximum 
before it decreases again. However, the droplet-formation fre-
quency values are considerably smaller and the droplet volumes 
are much bigger than for the 40  μ m geometry. The highest fre-
quency is now 110 Hz for Q c /Q d   =  1.5 and the lowest is 52 Hz 
2626 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
at the highest fl ow-rate ratio of 9. The droplet volume decreases 
from 4.1 nL for Q c /Q d   =  0.25 to 0.54 nL for Q c /Q d   =  9.  

 It should also be noted that the added SDS surfactant proved 
effective in stabilizing the water-liquid-metal interface. As for 
standard oil/water biphasic systems, the presence of SDS pre-
vented the produced microdroplets from coalescing. Thus 
it can be assumed that the surfactant migrates to the water–
liquid-metal interface, with the hydrophobic part attached to 
the liquid-metal surface.    

 2.2. Droplet Formation in Silicone Oil 

 In a second series of microfl uidic experiments, we used sili-
cone oil as the continuous phase. We used the same device 
designs as previously, with either 40  μ m or 80  μ m nozzle 
geometry. This time, the surface of the microfl uidic channels 
was made hydrophobic prior to droplet generation using a com-
mercial fl uorosilane compound. However, in contrast to the 
aforementioned hydrophilic polyelectrolyte multilayer coatings, 
this hydrophobic treatment did not entirely prevent the channel 
from being stained with the metal. In the course of all metal-in-
oil droplet formation experiments, we observed an increasing 
amount of metal being deposited onto the microchannel walls.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2624–2631
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     Figure  3 .     Liquid-metal droplet formation in oxygenated silicone oil using 
a device with 40  μ m nozzle geometry. a) Series of microscopy images 
depicting the droplet generation at different fl ow-rate ratios. b) Formation 
frequency and volume of liquid-metal droplets  vs.  fl ow rate ratio Q c /Q d . 
c) Microscopy image of liquid-metal droplets produced at Q c /Q d   =  1. They 
retain their non-spherical geometry when passing the channel expansion. 
d) Microscopy image showing non-spherical liquid-metal droplets pro-
duced at Q c /Q d   =  1 on top of a glass slide.  
 2.2.1. Droplet Formation in 40  μ m Flow-Focusing Devices 

 Again we kept the total fl ow rate to be constant - for the 40  μ m 
nozzle at 1000  μ L h  − 1  - and varied systematically the fl ow-rate 
ratio Q c /Q d . Microscopy images depicting the liquid-metal 
droplet generation with the 40  μ m nozzle at different fl ow-
rate ratios are displayed in  Figure    3  a. The droplet-formation 
frequency and the droplet volume are plotted against Q c /Q d  in 
Figure  3 b. Compared to the corresponding experiments with 
an aqueous carrier phase (Figure  1  and Figure  2 ), the droplet 
formation in silicone oil yielded similar volume and frequency 
curves. However, the droplet volumes are shifted towards dis-
tinctly lower and the frequencies towards higher values. With 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 2624–2631
increasing Q c /Q d , the droplet volume decreases from 0.60 nL at 
Q c /Q d   =  0.5 to 0.13 nL at Q c /Q d   =  9, whereas the formation fre-
quency peaks at 421 Hz for Q c /Q d   =  2 and declines to 214 Hz 
at Q c /Q d   =  9. Besides, it should be mentioned that by using 
silicone oil it was not possible to produce droplets at fl ow-rate 
ratios below 0.5.  

 However, the most striking difference in terms of droplet 
formation in silicone oil compared to aqueous PEG solution 
is the conservation of non-spherical droplet shapes. At fl ow 
ratios around 1, the liquid-metal droplets adopt rod-like mor-
phologies in the narrow part of the microchannel due to the 
spatial confi nement, and retain their geometry when passing 
the channel expansion and leaving the device (Figure  3 c and 
Supporting Information, Movie M2). At higher ratios, the 
volume of the droplets is considerably smaller, and hence they 
are not constricted by the channel dimensions but show an 
unobstructed spherical shape. We transferred a droplet sample 
produced for Q c /Q d   =  1 onto a glass slide for further analysis 
(Figure  3 d). Because of the approximately square cross-section 
of the microchannel at the fl ow-focusing region, the elongated 
droplets are rotationally symmetric with respect to their long 
axis. On average, the “micro-rice” droplets exhibit a length of 
113 ( ±  2)  μ m and a width of 73 ( ±  1)  μ m, yielding an aspect ratio 
of 1.5. It can be seen that the non-spherical shape is retained 
and that the EGaIn liquid metal does not refl ow to minimize 
its surface energy. We believe that this behavior is caused by an 
oxide skin forming instantaneously when the liquid metal gets 
in contact with oxygen dissolved in the silicone oil carrier fl uid. 
This oxide shell stabilizes non-spherical droplet geometries 
and prevents the droplets from deforming subsequently into 
spheres.   

 2.2.2. Droplet Formation in 80  μ m Flow-Focusing Devices 

 When using the 80  μ m nozzle, the total fl ow rate had to be 
increased to 2000  μ L h  − 1  and fl ow-rate ratios of Q c /Q d   ≥  0.75 had 
to be applied, since for lower values, no stable liquid-metal 
droplet formation was achieved. Microscopy images showing 
the droplet generation at selected fl ow-rate ratios are displayed 
in  Figure    4  a. As illustrated in Figure  4 b, with increasing fl ow-
rate ratio, the droplet volume drops from 1.2 nL at Q c /Q d   =  
0.75 to 0.37 nL at Q c /Q d   =  9. The formation–frequency curve 
shows the usual shape, peaking at 327 Hz at Q c /Q d   =  1.5 and 
declining to 150 Hz at Q c /Q d   =  9. Due to the higher total fl ow 
rate, no direct quantitative comparison with previous experi-
ments can be drawn at this stage.  

 As in the case of the 40  μ m nozzle, liquid-metal droplets 
produced with the 80  μ m device tend to retain non-spherical 
geometries. However, they are less rigid before leaving the 
microfl uidic chip. In fact, when they collide at the channel 
expansion, they get squeezed and more elongated perpendicular 
to the fl ow direction (Figure  4 c). The 80  μ m droplets are consid-
erably bigger than the 40  μ m ones, and hence their surface-to-
volume ratio is much smaller. This means that, assuming the 
oxide layer has a similar thickness in both cases, the 80  μ m 
droplets are less stabilized by the oxide layer than the 40  μ m 
ones, causing them to reshape on-chip. 

 The liquid-metal microdroplets produced in silicone oil at Q c /
Q d   =  1 were collected on a glass slide for imaging, and can be seen 
2627wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     Liquid-metal droplet formation in oxygenated silicone oil using 
a device with 80  μ m nozzle geometry. a) Series of microscopy images 
depicting the droplet generation at different fl ow-rate ratios. b) Forma-
tion frequency and volume of liquid-metal droplets  vs.  fl ow-rate ratio 
Q c /Q d . c) Microscopy image of liquid-metal droplets produced at 
Q c /Q d   =  1. At the channel expansion, they collide and reshape. The non-
spherical droplet geometry is preserved when leaving the microfl uidic 
device. d) Microscopy image showing non-spherical liquid-metal droplets 
produced at Q c /Q d   =  1 on top of a glass slide.  
in Figure  4 d. They have an average length of 181 ( ±  6)  μ m and an 
average width of 89 ( ±  2)  μ m, and thus an aspect ratio of 2.0. The 
aforementioned reshaping of these droplets on-chip apparently 
reduced the level of uniformity, yielding distinctly higher standard 
deviations, especially of the length, compared to the 40  μ m case.    

 2.3. Additional Experimental Studies  

 2.3.1. Droplet Formation in Deoxygenated Silicone Oil 

 It is important to note that the non-spherical droplets formed 
in oxygenated silicone oil retained their shape and did not 
28 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
spontaneously refl ow to form shapes of lowest interfacial 
energy, as do normal liquids. The non-spherical morphology 
is preserved, even after a few weeks of storage in a reservoir. 
In order to elucidate the stabilization of rod-like EGaIn liquid-
metal droplets, we bubbled nitrogen through the silicone oil for 
about four hours before use to remove any dissolved oxygen. In 
this case, the droplets readily changed their shape upon passing 
the expansion region of the microfl uidic channels, to become 
spherical (Supporting Information, Figure S4). Such behavior 
can be explained by the fact that oxygen has a distinctly higher 
solubility in silicone oil than in water, [  36  ]  facilitating the forma-
tion of an oxide skin, which is thick enough to be mechanically 
rigid so as to retain the non-spherical shape of the metal drop-
lets. In contrast, in deoxygenated silicone oil and in aqueous 
PEG solution, there is not enough free oxygen to form a thick 
oxide skin around the droplets and therefore they reshape 
according to the lowest surface energy. Our fi ndings are in good 
agreement with a similar observation reported in the literature. 
When depositing a drop of EGaIn in air from a needle onto a 
surface, the drop did not retract into a spherical shape, which 
was attributed to the formation of the oxide skin. The surface 
properties of oxidized EGaIn and the composition of the skin 
layer have been described elsewhere. [  18–20  ]  Other metals, such 
as pure gallium or InBiSn, that have melting points above room 
temperature, can be used at higher temperatures (by heating 
the metal and the continuous fl ow liquid before introduction to 
the microchannels) to generate droplets which then maintain 
their shape when cooled down to room temperature. However, 
using a low melting point liquid metal alloy capable of forming 
an oxide skin, we can easily generate permanently non-spher-
ical liquid-metal droplets at room temperature.   

 2.3.2. Reduction of Liquid-Metal Droplet Size 

 In addition, we addressed the issue of scaling down on the 
liquid-metal droplet system. For various applications, it would 
be desirable to produce smaller droplets, and therefore we man-
ufactured a microchannel with a minimum width of 20  μ m at 
the nozzle and a channel height of 10  μ m (Supporting Informa-
tion, Figure S3). In a preliminary proof-of-principle experiment, 
we used the aforementioned aqueous PEG solution containing 
SDS as the continuous phase. Flow rates of 100  μ L h-1 and 150 
 μ L h-1 were applied for the metal and PEG solution, respec-
tively. We successfully produced liquid-metal droplets with 
diameters below 30  μ m ( Figure    5  ). However, in order to achieve 
long-term stability, further optimization of the fl ow conditions 
is necessary.    

 2.3.3. Interfacial Tension Measurements 

 The interfacial tension (IFT) of the liquid-metal in the carrier 
fl uids (aqueous PEG solution, silicone oil and deoxygenated 
silicone oil) was measured. We have used a needle attached to 
a gas-tight glass syringe to generate a metal drop in a cuvette 
fi lled with the respective continuous fl uid (Supporting Informa-
tion, Figure S5). The results are summarized in  Table    1  .  

 The values for oxygenated and deoxygenated silicone oil are 
practically identical, which shows that the oxide layer formed at 
the interface when oxygen is present only has a strong effect on 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2624–2631
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     Figure  5 .     microscopy image showing the formation of liquid-metal drop-
lets in aqueous PEG solution with a diameter  < 30  μ m in a microfl uidic 
device with a 20  μ m nozzle size.  
the surface properties at smaller scales, i.e., in a microfl uidic 
setup. The interfacial tension value for the PEG solution is con-
siderably higher than for silicone oil.   

 2.3.4. Viscosity Measurements 

 The viscosity of the silicone oil and aqueous 20% PEG  +  5% 
SDS solution was measured to be 45.1 ( ±  0.3) and 92.6 ( ±  1.9) 
mPa s, respectively. Both display Newtonian behavior in the 
measured shear range 2–400 s  − 1  for silicone oil and 1–400 s  − 1  
for aqueous 20% PEG  +  5% SDS solution (Supporting Informa-
tion,  Figure S6 ). 

 Usually when dealing with biphasic systems, it is common 
practice to use similar viscosities of the carrier and droplet-
forming liquids in order to get stable droplet formation. In our 
system, there is a big difference between the viscosity of the 
carrier fl uids and the viscosity of the liquid metal (1.99 mPa s). 
And although the two carrier fl uids–silicone oil and aqueous 
PEG solution–exhibit signifi cantly different viscosities, both of 
them allow for the stable production of liquid-metal microdrop-
lets for a wide range of fl ow-rate ratios. Comparing the interfa-
cial tension values of aqueous PEG and silicone oil, they are not 
very different; thus, such a huge difference in the used viscosi-
ties may be attributed to other properties of the liquid metal, 
such as the density and the oxide skin.     

 3. Conclusions 

 We have shown that a liquid-metal can be used to form micro-
droplets in microfl uidic channels. The droplets retain their 
non-spherical shape in oxygenated silicone oil due to the 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2624–2631

   Table  1.     Interfacial tension measurement results. 

Carrier Fluid IFT 
[mN m  − 1 ]

Average drop volume 
[ μ m]

Silicone oil 90 ( ±  2) 15.0 ( ±  0.4)

Silicone oil, deoxygenated 89 ( ±  2) 14.8  ±  (0.3)

Aqueous 20 wt% PEG, 

5 wt% SDS
101 ( ±  2) 15.2  ±  (0.4)
instantaneous formation of a rigid oxide skin. The proposed 
mechanical rigidity of the oxide skin formed on the surface of 
EGaIn microdroplets in oxygenated silicone oil means that, in 
principle, droplets having arbitrary (non-circular) cross-sections 
can be prepared using microchannels with a suitable geom-
etry, which will retain their shape on egress from the channels. 
In aqueous solution and deoxygenated silicone oil, the metal 
droplets behave like any normal liquid,  i.e.  they minimize the 
surface energy by adopting a spherical geometry. As in other 
biphasic systems, adding surfactants prevents the liquid-metal 
droplets from coalescing. Applying systematic variations of the 
fl ow-rate ratios, we demonstrated that our metal-in-water and 
metal-in-oil systems behave in a very cohesive and reliable way 
in terms of droplet volume and droplet-formation frequency. 
This proves the high level of control and reproducibility offered 
by our microfl uidic approach. The size of the microdroplets 
was decreased to  < 30  μ m diameter, and can potentially be fur-
ther scaled down by using smaller microchannels. We believe 
that the liquid-metal droplet system we introduce here has 
great potential for applications in microfl uidics, electronics and 
optics.   

 4. Experimental Section 
 Unless stated otherwise, all chemicals were obtained from Sigma-
Aldrich and used as received without further purifi cation. Milli-Q water 
(Millipore) was used throughout all of the experiments. Silicone oil was 
purchased from Breckland Scientifi c suppliers. 

  EGaIn Preparation : Pure indium with  ≥ 99.9% purity was used. Pure 
gallium was purchased from Alfa Aesar with 99.999% purity. The eutectic 
concentration was achieved by taking the weight of each metal in the 
ratio of 75.5 wt% gallium and 24.5 wt% indium. The metals were placed 
in a vial and heated for half an hour on a hot plate, then mixed with a 
glass pipette. 

  Preparation of the Aqueous PEG Solution : PEG with an average 
molecular weight of  ∼ 20 000 was used. An aqueous solution of 20 wt% 
PEG and 5 wt% SDS in Milli-Q water was prepared by mixing and 
shaking, and left overnight to dissolve completely. 

  Microfl uidic Device Fabrication : Microfl uidic devices were produced 
by conventional soft lithographic techniques. [  37  ,  38  ]  Microchannels were 
designed with AutoCAD (AutoDesk) and transferred to high-resolution 
photomasks fabricated on transparencies (Circuit Graphics). The 
negative photoresist SU-8 2025 (MicroChem) was spin-coated onto 
3 inch silicon wafers (Compart Technology) and patterned using a MJB4 
mask aligner (Süss MicroTec). Development was accomplished by 
immersion into 1-methoxy-2-propyl acetate. 

 A commercially available Sylgard 184 PDMS kit (Dow Corning), 
containing the pre-polymer and a cross-linker, was used in the 
recommended ratio of 10: 1 (w/w). The mixture was poured on top of 
the patterned silicon wafers and degassed. After curing at 80  ° C for 10 h, 
the PDMS cast was cut and peeled off the wafers. Inlets and outlets 
were stamped out using a biopsy punch (Kai Industries) with an outer 
diameter of 1 mm. The microfl uidic devices were assembled by joining 
the PDMS cast and a microscope glass slide. Bonding strength was 
provided by pre-treating both contact surfaces with an oxygen plasma 
for 8 s in a Femto plasma cleaner (Diener electronic). Storage devices 
were fabricated following the same process. Instead of patterned wafers, 
microscope cover slips glued onto glass slides were used as casting 
molds. 

  Surface Modifi cation of the Microchannels : Hydrophilic surface 
properties were obtained by deposition of a polyelectrolyte multilayer 
onto the microchannel walls. The details of our layer-by-layer surface-
modifi cation method are described elsewhere. [  35  ]  Solutions of NaCl 
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(AnalaR) in water (0.1  M ), as well as of poly(allylamine hydrochloride) 
(M w   ∼ 56 000) and poly(sodium 4-styrenesulfonate) (M w   ∼ 70 000), both 
0.1 wt% in 0.5  M  aqueous NaCl solution, were prepared. Segments of 
these solutions, separated by air plugs, were loaded into a piece of 
polyethylene (PE) tubing (Becton Dickinson) with an inner diameter of 
380  μ m. Using a PHD 2000 syringe pump (Harvard Apparatus), they 
were sequentially fl ushed through the microchannel at a constant fl ow 
rate of 50  μ L h  − 1 . Hydrophobic (fl uorophilic) channel surfaces were 
produced by fl ushing the microchannels for 5 min with the commercially 
available water-repellent agent Aquapel (PPG Industries). 

  Microfl uidic Experiments : Two different continuous fl uid phases were 
used: (i) water containing 20 wt% PEG (M w   ∼ 20 000) and 5 wt% SDS, 
and (ii) silicone oil (Breckland Scientifi c Supplies). Depletion of the 
dissolved oxygen in the silicone oil was achieved by streaming nitrogen 
gas through the liquid for 5 h. 

 EGaIn, and the carrier fl uids silicone oil or the aqueous PEG/SDS 
solution, were injected into microfl uidic devices via PE tubes (Becton 
Dickinson). In all microfl uidic experiments, PHD 2000 syringe pumps 
(Harvard Apparatus) were used to stream liquids at constant fl ow rates, 
between 100  μ L h  − 1  and 1800  μ L h  − 1 , through the microchannels. The 
EGaIn did not stain the PE tubing nor the channels, and only slightly in 
the case of the silicone oil measurements. Owing to its very low viscosity, 
it was easy to handle. The estimated values for viscosity of EGaIn are 
1.99  ∗  10  − 3  Pa s for the dynamic viscosity and 3.2  ∗  10  − 7  m 2  s  − 1  for the 
kinematic viscosity, from previos works. [  39  ]  

 Droplet formation on-chip as well as emulsion samples inside 
storage devices were imaged using a monochromatic Phantom 
v7.2 camera (Vision Research) attached to an IX71 inverted microscope 
(Olympus). Droplet formation frequencies were calculated by analyzing 
high-speed movies with Phantom Camera Control Version 8.4 (Vision 
Research) software. The time needed for the formation of 20 droplets 
was determined and converted into the formation frequency. Diameter 
distributions of spherical droplets were obtained by measuring the 
diameter of 100 droplets in a reservoir. Non-spherical droplets were 
analyzed on glass slides,  i.e.  the long and the short axes of 20 droplets 
were measured and the average length and width, as well as the aspect 
ratio, were calculated. The size analysis of spherical and non-spherical 
droplets was conducted using ImageJ 1.44 (National Institutes of 
Health) software. 

  Viscosity Measurements : Viscosity measurements were performed 
at 25  ° C using an ARES control strain rheometer (from Rheometric 
Scientifi c) with a 50 mm diameter parallel-plate geometry, fi tted with 
a water-bath temperature controller,  ±  1  ° C. The aqueous solution was 
measured with a humidity cover to prevent water evaporation during the 
measurement. 

  Interfacial Tension Measurements : A FTA1000 instrument 
(Firsttenangtroms) with dedicated FTA software was used for the IFT 
measurements of EGaIn liquid metal in aqueous PEG solution, silicone 
oil and deoxygenated silicone oil. A 100  μ L glass syringe equipped with 
a stainless steel needle and fi lled with EGaIn was placed above a cuvette 
containing the desired liquid, and a measurement was performed on a 
pendant drop of EGaIn. Droplets were extruded into the tested liquid at a 
fl ow rate of 0.3  μ L s  − 1  until a volume of  ∼ 15  μ L was obtained. A snapshot 
was taken and the IFT was calculated over the droplet curvature with a 
Laplace-Young fi t.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the authors.  
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