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be introduced into the liquid to drive cha-
otic advection. [ 16,17 ]  However, it needs a 
relatively large voltage (>50 V) and high 
frequency (>10 MHz) with a power of 
>1 W to activate the transducer, which can 
induce unwanted heating and evaporation 
of the liquid. [ 17,18 ]  

 Thermally, local heating of the liquid 
by patterned microelectrodes or pointing 
a laser beam can cause chaotic advec-
tion due to natural convection mecha-
nisms. [ 19–21 ]  Electrically, schemes based 
on AC and DC electrokinetics, including 
dielectrophoresis, [ 22 ]  electro-osmosis, [ 23–25 ]  
electro-hydrodynamics, [ 26,27 ]  and elec-
trowetting-on-dielectric [ 28 ]  have been 
reported for producing chaotic advection 

for mixing applications. However, producing electrokinetic 
instability has several disadvantages, such as requiring a high 
operating voltage (in the kV range), strongly inhomogeneous 
electrical conductivity in the medium and high power supply, 
which is not accessible for conventional laboratories. [ 29 ]  Addi-
tionally, the conductivity of the working liquid is limited due to 
bubble generation when a high DC voltage is applied. [ 26,29 ]  

 Therefore, a system that possesses features of rapid and 
effi cient generation of chaotic advection, compact in size, easy 
to operate and maintain, low power consumption and can be 
readily integrated to other components can benefi t many pre-
sent-day and emerging applications in microfl uidics. 

 Eutectic alloy base liquid metals, such as EGaIn (75% gal-
lium and 25% indium) [ 30 ]  and Galinstan (68.5% gallium, 21.5% 
indium and 10% tin) [ 31 ]  offer remarkable properties including 
high electrical conductivity, high density, high surface tension, 
extremely low vapor pressure, and low toxicity in comparison 
to mercury. [ 31 ]  These properties make them attractive for the 
development of microfl uidic devices, [ 32 ]  stretchable or make-
shift components, [ 33–35 ]  soft electronics, [ 30,36 ]  MEMS devices, [ 37 ]  
and nanotechnology enabled applications. [ 38–41 ]  We have 
recently developed a small scale pumping system called “Liquid 
Metal Enabled Pump”, in which a droplet of Galinstan serves as 
the core of the pump with no conventional mechanical moving 
parts for pumping liquid with high fl ow rate, high controlla-
bility and low energy consumption. [ 42 ]  

 In this work, Galinstan is used as the core of a liquid metal 
actuator to induce chaos within the surrounding liquid. The 
generation of harmonic Marangoni fl ow is enabled by con-
tinuous electrowetting effect at the surface of the liquid metal 
droplet, upon the application of a sinusoidal AC electric fi eld. 
The theory behind the operation is developed and validated by 
conducting experiments with an open-top system. Moreover, a 
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 Chaotic advection plays an important role in microplatforms for a variety 
of applications. Currently used mechanisms for inducing chaotic advec-
tion in small scale, however, are limited by their complicated fabrication 
processes and relatively high power consumption. Here, a soft actuator is 
reported which utilizes a droplet of Galinstan liquid metal to induce harmonic 
Marangoni fl ow at the surface of liquid metal when activated by a sinusoidal 
signal. This liquid metal actuator has no rigid parts and employs continuous 
electrowetting effect to induce chaotic advection with exceptionally low power 
consumption. The theory behind the operation of this actuator is developed 
and validated via a series of experiments. The presented actuator can be 
readily integrated into other microfl uidic components for a wide range of 
applications. 

  1.     Introduction 

 Chaotic advection in liquid can signifi cantly improve the chem-
ical reaction, [ 1,2 ]  heat transfer, [ 3,4 ]  chemical and biological trans-
port [ 5,6 ]  and mixing rate in microscale. [ 7–9 ]  Methods for inducing 
chaotic advection in microfl uidic systems can be classifi ed in 
terms of the driving mechanism as: mechanical, thermal or 
electrical. Mechanically, the most straightforward way to pro-
duce chaotic advection in a microchannel is to induce sec-
ondary fl ows by patterning grooves or mechanical barriers 
along the fl ow, [ 7,10,11 ]  or by utilizing curved geometries or 
multi-layer 3D structures. [ 12–14 ]  However, fabrication process of 
such multi-layer structures is complicated, increasing the cost 
of the system. [ 15 ]  Alternatively, surface acoustic waves (SAWs) 
generated by integrated piezoelectric ceramic transducers can 
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proof-of-concept micromixer is fabricated to demonstrate the 
viability of the system for microfl uidic applications.  

  2.     Results and Discussion 

 Similar to mercury, Galinstan amalgamates metals such as 
copper on the surface. [ 43 ]  In other words, when a droplet of 
Galinstan is placed on the copper seat, instead of forming a 
spherical droplet with large contact angle (>90°), the Galinstan 
droplet is able to spread and wet the surface, forming a spher-
ical cap, as shown in  Figure    1  a and b.  

 As shown in Figure  1 c, when the Galinstan spherical cap 
is immersed in a droplet of NaOH solution, the surface of the 
Galinstan is negatively charged, which results in the accumu-
lation of positively charged ions in a diffuse electric double 
layer (EDL). [ 39 ]  Surface tension between the liquid metal and 
the electrolyte depends on the voltage drop across the EDL, as 
described by Lippman’s equation: cVoγ γ= − 1

2
2, where  γ  is the 

surface tension,  c  is the capacitance of EDL per unit area,  V  is 
the potential difference across the EDL, and  γ o   is the maximum 
surface tension when  V  = 0. [ 43 ]  With no external potential, the 
EDL is initially charged by  q o  , which is uniformly distributed 
along the surface (Figure  1 c), inducing a potential difference 
across the EDL, which can be expressed as:  V o   =  q o /c . [ 44 ]  

 The pressure difference between the electrolyte and the Gal-
instan liquid metal  p  (pressure of Galinstan is higher) at each 
half of the spherical cap can be obtained from Young-Laplace 
equation p H

R H
γ= +

4
2 2 , where  H  is the height of the spherical cap, 

and  R  is radius of the copper seat. Before an external poten-
tial is applied, the pressure inside the Galinstan cap is uniform 
(Figure  1 c′). When an external potential is applied, the electrical 
potential is almost uniform throughout the Galinstan cap due 
to the high conductivity of the liquid metal. Conversely, the 
electrolyte has a fi nite conductivity and thus a potential gra-
dient is generated along the electrolyte. Therefore, as illustrated 
in Figure  1 d, the potential difference across the EDL will be 
graded from the left side of the Galinstan cap to the right. The 
voltage drop across the EDL will be lower on the left half of 
the cap, which results in a higher surface tension, and thus a 
higher pressure on this half according to Lippman’s equation 
(Figure  1 d′). Assuming that the charges in the EDL are uni-
formly distributed on each half of the Galinstan spherical cap, 
the surface tension difference Δ γ  between the two halves of the 
spherical cap can be expressed as (detailed in Supporting Infor-
mation S1):
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 where  V electrode   is the potential applied to the electrodes and  L gap   
is the distance between the electrodes. Accordingly, the pres-
sure difference Δ p  between the two halves of the spherical cap 
can be expressed as (detailed in Supporting Information S1):
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 Figure 1.    Deformation of the liquid metal actuator. (a) Schematic of the experimental setup, in which a droplet of Galinstan is placed on a circular 
copper substrate seat with a diameter of 2.5 mm, while the gap between the electrodes is 3.5 mm. (b) Cross-sectional area along the line AA′, a droplet 
of NaOH solution is placed on a Tefl on substrate to cover the Galinstan cap. The inset shows the top view of the system. (c) Charge distribution on the 
surface of Galinstan cap when immerged in a droplet of NaOH solution, and (c′) Pressure distribution inside the Galinstan cap (LP = low pressure and 
HP = high pressure). (d) Altered charge distribution on the surface of Galinstan cap immediately after an electric fi eld is applied between the electrodes, 
and (d′) Altered pressure distribution inside the Galinstan cap. (e) and (e′) Deformation of the Galinstan cap in response to the unbalanced pressure 
distribution inside the cap. (f) Sequential snapshots of the Galinstan cap when immersed in a NaOH solution (0.3 mol/L), while a sinusoidal wave 
signal (100 Hz, 4 V) is applied between the two electrodes. Scale bar is 500 µm.
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 where  p L   and  p R   are the pressure difference between the Gal-
instan and the surrounding liquid of the left and the right half 
of the spherical cap. Since Galinstan liquid metal is non-rigid 
and the droplet is held still on the copper seat, the imbalance of 
the pressure inside the Galinstan cap causes its deformation, as 
shown in Figure  1 e. When the deformation reaches its maxima, 
the pressure distribution within the Galinstan becomes uni-
form again, leaving the system in equilibrium as shown in 
Figure  1 e′. 

 A surface tension gradient exists along the interface between 
the Galinstan cap and the surrounding NaOH as long as the 
external potential is applied, and the principle for the resulting 
deformation is called continuous electrowetting (CEW), which 
is also an electrical analogue to the Marangoni effect. [ 39,44,45 ]  
Figure  1 f presents a sequence of high speed images for the con-
tinuous oscillating effect of a 3 µL Galinstan spherical cap with 
a diameter of 2.5 mm and height of ∼1 mm, in response to a 
100 Hz sinusoidal AC signal with 4 V magnitude. An AC signal 
is chosen to minimize the electrolysis of the solution. With the 
application of such a signal, the polarity of the external poten-
tial switches periodically, causing the Galinstan cap to oscillate 
back and forth in response to the applied signal (also shown in 
Supplementary Movie 1). 

 The deformation of the Galinstan cap in response to sig-
nals of different frequencies ranging from 10 Hz to 10 kHz is 

investigated. Deformation cannot be observed when the signal 
frequency is larger than 5 kHz. As an example,  Figure    2  a 
shows side view images for the maximum deformation of the 
Galinstan cap during one signal cycle when 50, 100, 110 and 
150 Hz signals are applied. The electrical current waveforms 
are obtained by measuring the voltage across a 1 Ω resistor 
in series when sinusoidal signals with different frequencies 
are applied (Supporting Information S2). This indicates that 
the power consumption for the applied signal with frequen-
cies ranging from 50 to 150 Hz is all about 28 mW. Figure  2 b 
compares the maximum deformation of the Galinstan cap at 
different frequencies, indicating that the highest deformation 
occurs at 100 Hz, which we call the mechanical resonant fre-
quency. This mechanical resonant frequency is size dependent. 
The inset of Figure  2 b shows the resonant frequency at dif-
ferent heights ( H ) of Galinstan cap, indicating that the resonant 
frequency decreases as the size of the Galinstan cap increases.  

 We also investigate the maximum deformation of the Gal-
instan cap at different concentrations of the NaOH solution 
(Figure  2 c). The maximum deformation goes up by increasing 
the ion concentration but becomes saturated at a concentration 
of 0.3 mol/L. This is because increasing the ion concentration 
increases the EDL initial charge  q o  , [ 46 ]  and causes a higher pres-
sure difference ( Δp ) between the two halves of the Galinstan 
cap, as predicted by Equation  ( 2)  . However,  q o   might become 
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 Figure 2.    Characterizing the deformation of the Galinstan cap by applying sinusoidal signals with different frequencies and magnitudes, as well as 
NaOH solutions with different concentrations. Deformation is defi ned as the distance between the centreline (yellow) and the peak point of the cap. 
(a) Maximum deformation of Galinstan cap under different frequencies of 50, 100, 110 and 150 Hz (scale bar is 500 µm). (b) Plot for the maximum 
deformation vs signal frequency in 0.3 mol/L NaOH solution when a 4 V signal is applied, the inset shows variations of the resonant frequency vs 
cap height  H . (c) Plot for the maximum deformation vs NaOH concentration when a 100 Hz, 4 V signal is applied, the inset shows variations of the 
resonant frequency vs NaOH concentration. (d) Plot for the maximum deformation vs magnitude of the signal in a 0.3 mol/L NaOH solution when 
a 100 Hz signal is applied.
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saturated when the concentration is larger than 0.3 mol/L, 
beyond which the maximum deformation does not increase. 
The effect of the ion concentration on the resonant frequency 
is also studied, as shown in the inset of Figure  2 c. It seems that 
the ion concentration has minimal effect on the Galinstan cap 
resonant frequency. 

 The deformation of the Galinstan cap is further investigated 
by applying signals with different magnitudes. At a constant 
frequency of 100 Hz, increasing the magnitude of the signal 
causes more deformation, as shown in Figure  2 d. According 
to Equation  ( 2)  , increasing the voltage ( V electrode  ) intensifi es the 
pressure difference ( Δp ), which in turn increases the Galinstan 
cap deformation. 

 When a sinusoidal signal is applied, the native oxide layer on 
the surface of Galinstan cap can be electrochemically reduced. 
Therefore, in order to study the effect of oxide layer formed on 
the surface of Galinstan on the resonant frequency, we apply a 
sinusoidal signal of 4 V magnitude with a 4 V DC offset to elec-
trochemically oxidize the anodic pole of the Galinstan cap, as 
shown in Supporting Information S3. Interestingly, our results 
show that while the oxide layer formation does reduce the ampli-
tude of oscillation, it has minimal impact on the mechanical 
resonant frequency, supporting the proposal that this mechan-
ical resonance is determined by the size of the liquid metal. 

 As long as the external potential is applied, the presence of 
the surface tension gradient along the interface between the 
Galinstan cap and the surrounding NaOH produces a tangen-
tial force, which pulls the surrounding liquid along the surface 
from the regions of low surface tension (LST) to the regions 
of high surface tension (HST), as shown in  Figure    3  a. This 
motion is known as the Marangoni effect. A series of compu-
tational fl uid dynamics (CFD) simulations together with high-
speed camera imaging measurements are conducted to provide 
more insight into the observed effect, as detailed in Supporting 
Information S4. To induce the Marangoni fl ow presented in 
Figure  3 a, we apply a surface tension gradient along the surface 
of the Galinstan cap, as given below:

 t t

U
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∂
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∂
∂
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∂
∂

=
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∂   
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 where 
�
t and 

�
n are the tangential and normal vectors along the 

surface of Galinstan cap, respectively,  µ  is the viscosity of the 
solution surrounding the Galinstan cap, and  U  is the induced 
fl ow velocity at the surface of the Galinstan cap.  

 Simulations clearly show the induced Marangoni fl ow along 
the surface of the Galinstan cap in each half cycle of the sinu-
soidal AC signal (Figure  3 b). The induced fl ow follows the 
geometry of the NaOH volume around the Galinstan cap and 
creates large vortices within in the solution volume, as shown in 
Figure  3 c. The direction of the induced fl ow changes when the 
polarity of the applied signal is switched (Figure  3 a). Since sinu-
soidal AC signals are applied, the high surface tension region 
oscillates back and forth periodically across the metal NaOH 
interface, dragging the NaOH liquid back and forth. We also 
add polystyrene particles (diameter of 15 µm) into the NaOH 
droplet, and record their trajectory by high speed imaging, as 
shown in Supplementary Movie 2, which clearly shows the fl uid 
actuation is tangential to the metal NaOH interface. 

 The generation of vortices due to induced harmonic Maran-
goni fl ows is demonstrated using a droplet of NaOH solution 
with 50 µL volume (with the major and minor radii of ∼6 and 
9 mm, respectively, and a height of ∼3 mm), as shown in the 
sequential images in  Figure    4  a, when a 4 V, 50 Hz sinusoidal 
signal is applied. A droplet of dye with 1 µL volume is added 
to show the trajectory of the vortices (the propagation of the 
induced Marangoni fl ow is shown clearly in the high speed 
movie Supplementary Movie 3). By applying an AC signal, 
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 Figure 3.    CFD simulations of the liquid metal actuator. (a) Flow velocity 
vectors (m/s) along the Galinstan surface. (b) Formation of vortices 
within the surrounding liquid colored by magnitude of fl ow velocity (m/s).
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large vortices are immediately generated, leading to rapid 
mixing of the dye with the NaOH solution. The color of the 
solution becomes homogeneous after ∼2.25 s (see Supplemen-
tary Movie 4 Part 1). We also examine the consumption of the 
Galinstan cap by inductively coupled plasma mass spectrom-
etry (ICP-MS) for the working solution. The test is performed 
under the same conditions described above after 60 s mixing. 
The results indicate that only gallium can be dissolved into 
the working solution, with the concentration increasing from 
0.15 to 39.62 µmol/L over the duration. Despite this, the liquid 
metal actuator should be able to operate continuously for at 
least 8 days before the Galinstan cap loses its eutectic ability 
(Ga <59.6%) [ 47 ]  (see Supporting Information S5).  

 We investigate the mixing performance of the system as a 
function of frequency and magnitude of the applied AC voltage 
signal, concentration of the solution, as well as the height of 
the Galinstan spherical cap. We choose the time required for 
fully mixing when a 4 V, 50 Hz signal is applied as the bench 
mark time  t bm   (∼2.25 s). The mixing performance is character-
ized by obtaining the value of  t bm  / t mix  , where  t mix   is the actual 
mixing time for each condition. A larger value of  t bm  / t mix   means 
a higher mixing rate is achieved. MATLAB software package is 
used to quantitatively evaluate the performance of mixing by 
calculating the mass fraction distribution in the NaOH droplet 
along a multiline path in the captured gray-scale images, and 
 t mix   is obtained when the intensity of the color along the paths 
become saturated. Figure  4 b shows the variations of the value 
of  t bm  / t mix   with respect to different frequencies. 

 Interestingly, although the observed deformation of the 
Glainstan cap reaches its maximum at 100 Hz, our observa-
tions show that the highest mixing rate is achieved when the 
frequency of the signal is set to 50 Hz, in which the observed 
deformation of the Galinstan cap is small (Figure  2 ). This 
further confi rms that the mixing effect is not due to the 

mechanical deformation of the Galinstan cap as the best mixing 
should happen with the maximum displacement. We conduct 
a series of control experiments to further explore the mecha-
nism of the mixing effect. Firstly, in the absence of the Gal-
instan spherical cap, no mixing effect is observed, ruling out 
electro-osmosis as the driving mechanism of the induced fl ow 
(see Supporting Information S6). Secondly, experiments using 
a solid solder alloy (Sn 50 Zn 49 Cu 1 ) spherical cap with a thin layer 
of Galinstan coating lead to a high mixing rate similar to that 
of Galilnstan liquid metal without moving the cap, confi rming 
that the mixing effect is attributed to the Marangoni fl ow of the 
fl uid tangential to the surface, and not the displacement of fl uid 
due to the mechanical deformation of the Galinstan cap (see 
Supporting Information S6). 

 At a constant frequency of 50 Hz, the mixing performance 
is characterized by applying signals with different magnitudes. 
Increasing the magnitude of the signal enhances the mixing, 
as shown in Figure  4 c. According to Equation  ( 1)  , increasing 
the voltage ( V electrode  ) tends to intensify the surface tension dif-
ference (Δ γ ), which in turn provides a stronger mixing. How-
ever, undesired bubble generation due to the electrolysis occurs 
on the electrodes when the magnitude of the applied signal is 
larger than 6 V at 100 Hz. 

 The mixing performance is further investigated by changing 
the ion concentration of the solution (Figure  4 d). Increasing 
the ion concentration causes the increase of the EDL initial 
charge  q o  , [ 46 ]  leading to a higher surface tension difference, as 
predicted by Equation  ( 1)  . However,  q o   might become saturated 
when the concentration is larger than 0.3 mol/L, beyond which 
the mixing rate is saturated. 

 Our observations show that increasing the cap height also 
enhances the mixing performance (Figure  4 e). This can be 
attributed to the fact that enlarging the surface of the Galinstan 
cap leads to faster agitation of the surrounding NaOH solution. 
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 Figure 4.    Generation of vortices when a sinusoidal signal is applied. (a) Sequential snapshots for the mixing effect due to generated vortices; a droplet 
of dye is added to show the trajectory of the vortices. Scale bar is 2 mm. (b) t bm /t mix  vs sinusoidal signal frequency plot, obtained with a 50 µL NaOH 
solution droplet (0.3 mol/L) when 4 V sinusoidal signals of different frequencies are applied. (c) t bm /t mix  vs sinusoidal signal magnitude, obtained with 
a 50 µL NaOH solution droplet (0.3 mol/L) when 50 Hz sinusoidal signals of different magnitudes are applied. (d) t bm /t mix  vs NaOH concentration, 
obtained with a 50 µL NaOH solution droplet when a 50 Hz, 4 V sinusoidal signals is applied. (e) t bm /t mix  vs Galinstan cap height H, obtained with a 
50 µL NaOH solution droplet (0.3 mol/L) when a 50 Hz, 4 V sinusoidal signal is applied.
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 The mixing performance in response to different NaOH solu-
tion volumes is also studied. Results indicate that increasing the 
volume of the solution increases the time required to achieve 
full mixing (see Supporting Information S7). Furthermore, the 
performance of the system for mixing of liquids with various 
viscosities is investigated by adding glycerol to DI water. The 
results show that our system is able to mix a liquid, which is 
up to ∼100 times more viscous than DI water (see Supporting 
Information S7). The system is also capable of mixing other 
solutions including NaCl and PBS, as shown in part 2 and 3 of 
Supplementary Movie 4. 

 However, the system does not operate with acidic electrolytes 
of pH less than 6.5, which could potentially be attributed to 
the formation of a solid oxide layer on the surface of Galinstan 
cap at such a low pH. In order to test this, we conduct experi-
ments using a ∼0.8 pH electrolyte containing 6% HCl to assure 
that this oxide layer is removed. [ 48 ]  However, even in this case, 
mixing of the surrounding liquid cannot be observed, indicating 
that the inhibition of mixing at low pH solutions is not due to 
the formation of solid oxide layer. We believe another potential 
explanation could be that the formation of gallates ([Ga(OH) 4 ] − ) 
on the surface of Galinstan liquid metal in a basic solution is 
essential to create a large potential drop across the electrical 
double layer. [ 39,42 ]  However, no such gallate can be formed in 
an acidic environment, thus the surface tension modifi cation 
of Galinstan that would occur by dropping potential across the 
electrical double layer can hardly occur in an acidic environ-
ment. [ 39 ]  As such, no Marangoni fl ow can be generated in acidic 
solution and hence no mixing occurs. 

 The capability of the system is further demonstrated by 
mixing a droplet of oil with the NaOH solution. We add a 5 µL 
sunfl ower oil droplet into the NaOH solution and apply a 50 Hz, 
4 V sinusoidal signal to activate the electrodes.  Figure    5  a shows 
the NaOH-oil suspension 2 and 14 s after activating the elec-
trodes (also shown in Supplementary Movie 5). In order to obtain 
the size of the oil droplets following the mixing, we immediately 

transfer the agitated NaOH-oil suspension onto a glass substrate 
with a length scale etched on its surface. We use an inverted 
microscope to take images and analyse them using the Nikon 
NIS-Elements software, as shown in Figure  5 b. The generated 
vortices are capable of mixing the oil droplet effi ciently with the 
NaOH solution, and the size of the oil droplets becomes smaller 
by prolonging the mixing time (see Figure  5 b inset).  

 We further examine the application of our actuator as a 
micromixer by integrating it into a microfl uidic system. We 
place a polydimethylsiloxane (PDMS) microchannel with 
dimensions of 600 × 150 µm (W×H) with two parallel inlets 
onto a polymethyl methacrylate (PMMA) substrate, which has 
a cylindrical Galinstan cap seat with a diameter of 3 mm and 
depth of 500 µm to hold the Galinstan cap ( Figure    6  a). A Gal-
instan cap with a diameter of 2.5 mm and height of 400 µm 
is placed in the cylindrical seat and activated by two copper 
electrodes (see Supporting Information S8 for detailed design). 
During the experiment, uncolored NaOH solution with the 
concentration of 0.01 mol/L is added into Inlet-1 while blue 
NaOH solution (with added blue dye) with the same concen-
tration is added into Inlet-2. We investigate the capability of 
the system for mixing the fl ows coming from Inlets 1 and 2 at 
various fl ow rates, ranging from 25 to 100 µL/min (see Supple-
mentary Movie 6).  

 As an example, Figure  6 b shows the microchannel when the 
fl ow rate is set to 75 µL/min before the mixer is activated. The 
fl ow is purely laminar due to its low Reynolds number (Re < 5) 
and the mixing only happens at the interface of incoming fl ows, 
as evidenced by formation of a clear boundary between the 
colored and uncolored solutions along the middle of the micro-
channel. When a 50 Hz, 4 V sinusoidal signal is applied, a 
strong instability is induced in the liquid surrounding the Gal-
instan cap due to creation of induced harmonic Marangoni 
fl ows. This instability mixes the incoming fl ows, and mean-
while propagates along the channel by following the direction 
of the fl ow (Figure  6 c), providing a high mixing effi ciency even 
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 Figure 5.    Application of the system for mixing NaOH solution with oil droplets. (a) Sequential snapshots for the mixing between the NaOH solution 
and a droplet of oil. (b) Shrinkage of oil droplets in the NaOH-oil suspension after 2, 6, 10 and 14 s mixing, respectively. The inset shows the variations 
of diameter vs time plot for the oil droplets.
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at high fl ow rates (also shown in Supplementary Movie 6). The 
mixing effi ciency of the system is evaluated by calculating the 
mass fraction distribution at 2 mm downstream of the Gal-
instan cap using the described image analysis MATLAB code 
(see Supporting Information S9 for details). The time averaged 
mixing effi ciency is calculated as 95, 84, 80 and 70% at the fl ow 
rates of 25, 50, 75 and 100 µL/min, respectively (Figure  6 d). 
The power consumption based on the obtained voltage and cur-
rent waveforms is calculated as 0.3 mW. The described micro-
mixer has no mechanical parts and can be easily fabricated and 
implemented into a lab-on-a-chip platform.  

  3.     Conclusion 

 We have validated the theory behind the operation, and demon-
strated the capabilities of our liquid metal actuator for inducing 

chaotic advection, based on continuous electrowetting effect. 
Induced harmonic Marangoni fl ows can be induced by applying 
a sinusoidal signal, generating vortices in the solution. More 
importantly, such an actuator has been integrated into a micro-
fl uidic system, achieving high mixing effi ciencies even at high 
fl ow rates. This liquid metal actuator offers unique advantages 
including simple fabrication, low-cost, low operating voltage, 
low power consumption, as well as high controllability. How-
ever, it should be considered that the actuator can only operate in 
basic solution and also gradually leaches out low concentrations 
of gallium ions into the solution. Further research is required 
to gain improved understanding of the electrochemistry of this 
structure which may suggest approaches to minimise these 
negative effects. Such liquid metal actuator has the potential to 
enable highly complex, yet practical applications in the areas of 
micro-cooling, MEMS actuation and microfl uidics, to realize 
dynamically reconfi gurable electro-mechanical systems.  

 Figure 6.    Experiments with the microfl uidic system. (a) The overall microfl uidic system using a PDMS microchannel with two parallel inlets assembled 
onto a PMMA platform. The wires are bonded to the electrode pads by copper tapes. The subset shows the detailed actuator part. (b) Distribution of 
neighboring fl ows in the microchannel before the mixer is activated when the fl ow rate is set to 75 µL/min. (c) Distribution of neighboring fl ows after 
the mixer is activated. (d) Mixing effi ciency vs fl ow rate plot, obtained when a 50 Hz, 4 V sinusoidal signal is applied.
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  4.     Experimental Section 
  Experiment Setup : A copper tape with a diameter and thickness of 

2.5 mm and 35 µm, respectively, is sticked to a Tefl on substrate to serve 
as droplet seat and a Galinstan (68.5% gallium, 21.5% indium and 10% 
tin) droplet is placed onto it. The electric fi eld is imposed by a signal 
generator (Tabor, 2572A 100 MHz Dual-Channel) between the two 
strips of copper tapes, located on both sides of the seat, which serve as 
electrodes (Figure  1 a and b). The Galinstan droplet and the tips of the 
electrodes are immersed in a droplet of NaOH solution. Tefl on substrate 
is chosen due to its hydrophobic surface, enabling the NaOH solution 
to cover the Galinstan cap instead of spreading on the surface of the 
substrate. Tefl on substrate also facilitates the removal of liquid droplet 
during experiment process. Experiments are repeated three times and 
the data presented as mean ± standard error. For experiments using 
microfl uidic platform, polydimethylsiloxane (PDMS) microchannels are 
fabricated using standard photolithography techniques. [ 49 ]  

  High Speed Camera Imaging : The vibration of the Galinstan cap and 
the trajectories of the surrounding liquid are captured using a high-
speed camera (PHANTOM MIRO M-310, Vision Research Inc.) fi tted 
with a MACRO-NIKKOR 65 mm lens, PB-6 belows and PK-11 extension 
tube. Tungsten light heads (Dedocool Lights) are used for illumination. 

  Mixing Performance Analysis : The image processing toolbox of MATLAB 
software package (MathWorks, 2010a) is used to assess the mixing 
effi ciency of the system. An inverted microscope (Nikon Eclipse, TE 2000) 
is used to obverse the performance of the system in some experiments.  
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