
On-Chip Production of Size-Controllable Liquid Metal 
Microdroplets Using Acoustic Waves

Dr. Shi-Yang Tang,
Department of Engineering Science and Mechanics, The Pennsylvania State University, 
University Park, PA 16802, USA

Bugra Ayan,
Department of Engineering Science and Mechanics, The Pennsylvania State University, 
University Park, PA 16802, USA

Nitesh Nama,
Department of Engineering Science and Mechanics, The Pennsylvania State University, 
University Park, PA 16802, USA

Dr. Yusheng Bian,
Department of Engineering Science and Mechanics, The Pennsylvania State University, 
University Park, PA 16802, USA

Dr. James P. Lata,
Department of Engineering Science and Mechanics, The Pennsylvania State University, 
University Park, PA 16802, USA

Prof. Xiasheng Guo, and
Department of Engineering Science and Mechanics, The Pennsylvania State University, 
University Park, PA 16802, USA; Key Laboratory of Modern Acoustics (MOE) Department of 
Physics Nanjing University, Nanjing 210093, China

Prof. Tony Jun Huang
Department of Engineering Science and Mechanics, The Pennsylvania State University, 
University Park, PA 16802, USA

Abstract

Micro- to nanosized droplets of liquid metals, such as eutectic gallium indium (EGaIn) and 

Galinstan, have been used for developing a variety of applications in flexible electronics, sensors, 

catalysts, and drug delivery systems. Currently used methods for producing micro- to nanosized 

droplets of such liquid metals possess one or several drawbacks, including the lack in ability to 

control the size of the produced droplets, mass produce droplets, produce smaller droplet sizes, 

and miniaturize the system. Here, a novel method is introduced using acoustic wave-induced 

forces for on-chip production of EGaIn liquid-metal microdroplets with controllable size. The size 

distribution of liquid metal microdroplets is tuned by controlling the interfacial tension of the 
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metal using either electrochemistry or electrocapillarity in the acoustic field. The developed 

platform is then used for heavy metal ion detection utilizing the produced liquid metal 

microdroplets as the working electrode. It is also demonstrated that a significant enhancement of 

the sensing performance is achieved by introducing acoustic streaming during the electrochemical 

experiments. The demonstrated technique can be used for developing liquid-metal-based systems 

for a wide range of applications.

1. Introduction

Micro- to nanosized droplets of gallium-based eutectic alloys such as EGaIn (75% gallium, 

25% indium) and Galinstan (68.5% gallium, 21.5% indium, 10% tin) have attracted 

considerable attention in the areas of 3D structure construction,[1] reconfigurable/stretchable 

electronics,[2] conductive composites,[3] energy harvesting,[4] electrochemical sensors,[5] 

photocatalysts,[5,6] inkjet printing,[7] and nanomedicine.[8] This is largely because such 

liquid metal alloys feature many useful properties including low melting point, high 

electrical and thermal conductivities, large surface tension, negligible vapor pressure, low 

viscosity, and the ability to form a passivating oxide layer in the presence of oxygen. [9] 

Furthermore, these liquid metals do not suffer from the high toxicity issues as mercury does.

Several methods have been developed for producing micro- to nanosized liquid metal 

droplets including molding,[10] flow-focusing,[11] and sonication.[2a,5–8,12] Using the 

molding method, liquid metal is spread onto a topographical mold patterned with cylindrical 

reservoirs to produce liquid metal microdroplets.[10] While this method is simple, it is 

limited to producing large sphere diameters (≥100 μm), and the ability to mass produce such 

microdroplets would be time consuming. Another technique utilizes microfluidic flow-

focusing devices, which can produce monodisperse liquid metal microdroplets.[11] The size 

of the produced microdroplets is controlled by changing the shear rate or interfacial tension 

between the liquids. [11a,d] Although the production rate of liquid metal microdroplets for 

flow-focusing method is significantly higher than that of molding method, producing 

droplets with sizes smaller than 50 μm is still challenging as smaller microchannels are 

required, or a high shear rate needs to be applied. Smaller microchannels or high shear rates 

induce very high pressure drops within the microchannel, causing instability for droplet 

production and can damage the microfluidic system.[11d] Sonication of liquid metal in a 

nonsolvent is a simple and fast approach for producing a large amount of micro- to 

nanosized polydispersed droplets, with diameters ranging from less than a hundred 

nanometers to several micrometers.[2a,5–8,12] Conventionally, a sonication bath or 

ultrasonication probe is used to break bulk liquid metal into smaller droplets. However, these 

sonication devices are bulky, and hence make it impossible to obtain integrated systems for 

miniaturized lab-on-a-chip applications. Moreover, in addition to sonication time and power, 

other less certain variables, such as the water level within the sonication bath tank, position 

of the liquid metal container inside the tank, as well as the position of the ultrasonication 

probe could also affect the size distribution of produced liquid metal microdroplets.

Precise control over the size of liquid metal microdroplets is essential to achieve the desired 

performance of the developed systems. It is also desirable that the droplet production system 
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is portable and versatile. Moreover, it would be better that additional transportation steps for 

the produced liquid metal droplets can be avoided to prevent contaminations. As such, a 

miniaturized and integrated system that allows on-chip production of micro- to nanosized 

liquid metal droplets with a controllable size distribution is ideal for the development of 

versatile lab-on-a-chip platforms for the applications in electronics, chemical/

electrochemical sensors, and biomedical devices. In this work, we introduce an acoustic-

based miniaturized system for on-chip production of EGaIn liquid-metal microdroplets with 

controllable size. The size distribution of liquid metal microdroplets is tuned by controlling 

the interfacial tension of the metal using either electrochemistry or electrocapillarity by 

applying an electrical potential to the liquid metal in the acoustic field. The utility of the 

produced liquid metal microdroplets is then demonstrated by using the same platform as an 

electrochemical sensor for Pb2+ ions detection. We demonstrate that the sensing 

performance is enhanced by inducing acoustic streaming within the buffer using the 

piezoelectric transducer to enhance the convective mass transport during the electrochemical 

experiments.

2. On-Chip Production of EGaIn Microdroplets with Controllable Size

Liquid metal microdroplets were produced from a bulk EGaIn droplet in the presence of 

acoustic wave-induced forces. The acoustic-based, on-chip liquid metal microdroplet 

production system is schematically shown in Figure 1A. The system consists of a 

piezoelectric transducer disk, which is bonded onto a thin glass slide (22 mm × 40 mm × 

100 μm) using epoxy glue. Owing to several advantages of piezoelectric transducer disks 

including low cost, small size and relatively large power output, they have been integrated 

into microfluidic platforms to generate acoustic waves, which are used to induce oscillations 

in trapped gas bubbles, or sharp edge microstructures built on the microchannel walls.[13,14] 

The thin glass slide is placed on top of a polydimethylsiloxane (PDMS) post (5 × 5 × 5 mm) 

to allow for maximum vibration. A polymethylmethacrylate (PMMA) well (8 × 8 × 6 mm 

with 1 mm wall thickness) with an Au/Cr coated thin glass (12 mm × 12 mm × 100 μm) as 

the bottom is placed next to the transducer via double-sided tape, which allows the PMMA 

well to be disposable simply by detaching it from the tape using acetone. A piece of copper 

tape (8 mm × 8 mm × 30 μm) is placed onto the bottom of the PMMA well to function as 

the working electrode. The entire system is placed onto a thick glass substrate (25 × 75 × 1 

mm). The actual experimental setup is shown in S1 (Supporting Information). Figure 1B 

shows the assembled schematics for the experimental setup, and Figure 2C,D show the 

detailed dimensions of the systems.

Our experimental results show that the production of EGaIn microdroplets is most efficient 

when the PMMA well is rotated by an angle of 45° with respect to the thin glass slide (see 

Figure 1C). This is probably because a localized high acoustic pressure region can be 

formed at the corner of the well nearest to the transducer. A 10 μL EGaIn droplet is injected 

into the PMMA well and the well is filled with 350 μL 0.1% (v/v) acetic acid solution 

(Figure 1B). Acetic acid provides ions for conducting electrical current and more 

importantly, it can later be removed by evaporation and thus it will not affect the 

characterization and electrochemical sensing experiments. A copper wire is placed into the 
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acetic acid solution and a potential is applied between the Au/Cr-coated glass and the copper 

wire to reduce or oxidize the EGaIn droplet (Figure 1B).

Production of EGaIn microdroplets can be achieved when the piezoelectric transducer is 

activated by signals with frequencies ranging from 6.8 to 8.2 kHz. Figure 2A–C show 

snapshots taken from a high-speed camera recording the production of EGaIn microdroplets 

using the developed platform. The piezoelectric transducer was activated with a 7 kHz, 175 

Vp-p sinusoidal signal. The surface of the liquid metal droplet is oxidized in the acetic acid 

solution and a thin layer of gallium oxide skin is formed.[9a] Such an oxide skin 

mechanically stabilizes the liquid metal in a nonspherical shape before the transducer is 

activated (Figure 2A). Interestingly, after activating the transducer, the EGaIn droplet 

transforms into a more spherical shape and at the same time dynamically forming 

symmetrical protrusions on the periphery of the droplet (Figure 2B). We believe that this is 

due to the presence of acoustic fields inside the PMMA well, which causes the droplet to 

vibrate. The vibration contains multiple eigenmodes. The oscillating shear forces within the 

PMMA well cause the non-Newtonian liquid to flow, fracturing and separating the thin 

oxide skin protecting the liquid metal.[12] As a result, the large liquid metal droplet becomes 

unstable and starts to break into microsized droplets at the place close to the corner next to 

the transducer ≈0.5 s after transducer activation (Figure 2C). This microdroplet production 

process is also clearly shown in movie S1 (Supporting Information).

Scanning electron microscopy (SEM) images were taken for the microdroplets produced at 

different frequencies, as shown in S2 (Supporting Information). We find that the average size 

of the microdroplets produced at different frequencies is similar (40–50 μm in diameter) 

when the transducer is activated with a 175 Vp-p signal, as shown in Figure 2D. However, 

the time required to totally break the big droplet to microdroplets varies for different 

frequencies, with the minimum time observed when the applied frequency is around 7 kHz 

(Figure 2D). Additionally, we find that the size of the produced microdroplets slightly 

increases when the transducer is activated with smaller voltages, as shown in Figure 2E (the 

corresponding SEM images are given in S3, Supporting Information). Therefore, a 7 kHz, 

175 Vp-p sinusoidal signal was chosen for the rest of the experiments for producing 

microdroplets unless specified otherwise.

The operating frequency in our experiments is in the range of 6.7 to 8.2 kHz. Since the speed 

of sound in glass is around 4540 m s−1, the wavelength of the acoustic wave ranges from 670 

to 550 mm, which is much larger than the size of the thin glass slide used in this work (22 

mm × 40 mm × 100 μm). We do realize that since we use hard materials (with large acoustic 

impedance) such as PMMA, there would be reflections occurring at the channel walls. For 

this reason we calculated the natural frequency fnat of our PMMA well filled with water 

using the equation fnat = 0.5cw[(nx/w)2+(ny/l)2+(nz/h)2]0.5, where cw is the speed of sound in 

water, nx/y/z are the mode numbers (1, 2, 3…) in the space elements, and w, l, h are the 

width, length, and height of the PMMA well, respectively. Based on our calculations, the 

minimum resonant frequency is around 90 kHz, which is much larger than our operating 

frequency. Thus, we believe that we do not set up any strong resonances and that no standing 

waves exist inside the PMMA well.
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Breaking of the bulk EGaIn droplet into microdroplets occurs owing to the competition 

between destructive (shear forces) and cohesive (surface tension) forces on the liquid 

interface. The capillary number is a ratio of viscous forces to interfacial forces and is 

calculated as Ca = μV/γ, where μ and V are the viscosity and characteristic velocity of the 

acidic acid solution, respectively, and γ is the interfacial tension between EGaIn and 

therefore acetic acid solution. It is known that the size of microdroplets produced varies 

inversely with the capillary number.[11c,d] We hypothesize that changing the interfacial 

tension of liquid metal during the acoustic activation process allows us to control the 

capillary number accordingly, and thus leads to the production of EGaIn microdroplets with 

different size distributions. The interfacial tension can be altered using either the 

electrochemistry or electrocapillarity approach. Electrochemically, the application of an 

oxidative bias to the liquid metal causes the formation of an oxide layer on the surface. Such 

oxide skin acts as a surfactant and lowers the interfacial tension of EGaIn.[15] On the other 

hand, the application of a reducing bias induces charge accumulation at the metal–solution 

interface that reduces interfacial tension via electrocapillarity.[15] Using this principle, it has 

been recently demonstrated that decreasing the size of liquid metal microdroplets produced 

in a microfluidic flow-focusing system can be achieved by changing the surface tension of 

liquid metal using oxidative or reducing bias.[11d]

To prove the aforementioned hypothesis, we connected the liquid metal droplet to the anode 

via the Au/Cr-coated thin glass while connecting the acetic acid solution to the cathode 

through a copper wire (Figure 1B). It is known that a native oxide layer is formed after 

placing the EGaIn droplet into the solution, therefore, a −10 V reducing potential was first 

applied to the droplet for 5 s to electrochemically remove the native oxide layer. This 

procedure is necessary since the thickness of the native oxide layer for each EGaIn droplet 

could be different, and such difference affects the size distribution of the produced 

microdroplets. The transducer was activated 10 s after removing the native oxide layer while 

reducing/oxidative voltages ranging from −5 to 30 V were applied to the EGaIn droplet. 

Figure 3A shows the size distribution for the produced EGaIn microdroplets and their 

corresponding SEM images in the absence and presence of DC voltage upon activating the 

transducer with a 7 kHz, 175 Vp-p sinusoidal signal for 1 min. In the absence of DC voltage 

(0 V), the size of the produced microdroplets is widely distributed, ranging from 10 to 80 μm 

with an average diameter of ≈43 μm.

Interestingly, in the presence of a −5 V reducing potential (with the measured electrical 

current of ≈288 μA) while activating the piezoelectric transducer, the size distribution of 

EGaIn microdroplets shifted towards larger droplets to an average diameter of ≈61 μm 

(Figure 3A). Such a distribution shift can be attributed to the increased interfacial tension 

caused by the continuous electrochemical removal of the native oxide layer during the 

experiment. We found that no production of microdroplets was observed when the reducing 

voltage was increased to −10 V. This is due to the fact that the oxide layer was totally 

removed and merging of EGaIn microdroplets occurred.

Upon the application of a 5 V oxidative voltage (with the measured electrical current of 

≈273 μA), the average diameter of produced EGaIn microdroplets decreases to ≈22 μm, and 

decreases further to ≈14 μm in response to 10 V, which is approximately a third of the size 
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of those produced at 0 V (Figure 3A). This indicates that the formation of the oxide layer 

significantly lowers the interfacial tension between EGaIn and the acetic acid solution, 

which makes it possible to produce smaller EGaIn microdroplets without increasing the 

activating power of the transducer. However, further increasing the oxidative voltage to 15 V 

and eventually to 30 V causes the size distribution of EGaIn microdroplets to shift towards 

larger droplets with average diameters above 30 μm, and the obtained microdroplets became 

less spherical in shape (in this case the diameter of a microdroplet is calculated by averaging 

the major and minor axis of the droplet). The diameter distributions of the microdroplets for 

the cases when 20 and 25 V oxidative voltages are applied are given in S4 (Supporting 

Information). Figure 3B summarizes the variations of the diameter of EGaIn microdroplets 

with respect to the applied reducing/oxidative voltage. The inset of Figure 3B shows that 

elongating the activating time of the transducer has negligible effect on the size of 

microdroplets.

In order to understand the obtained trend for the size distributions at different DC voltages 

(Figure 3B), SEM images were taken to show the surfaces of the microdroplets, as shown in 

Figure 3C–F. We can see that the surface of the microdroplet is relatively smooth when a −5 

V reducing voltage is applied (Figure 3C) compared to the case when no voltage is applied 

(Figure 3D), indicating that such reducing voltage is able to electrochemically remove the 

native oxide layer on the surface of EGaIn and increase the interfacial tension, thus leading 

to the production of larger microdroplets. When a 10 V oxidative voltage is applied, the 

surface of EGaIn becomes more oxidized and less smooth (Figure 3E), and such an oxide 

layer may significantly lower the interfacial tension of EGaIn, allowing the production of 

smaller microdroplets. Interestingly, further increasing the oxidative voltage causes the 

formation of a thick and solid oxide layer on the surface of EGaIn (Figure 3F), and such a 

thick oxide skin prevents the oscillating shear force from breaking down the big droplet to 

smaller ones, causing the increased size of produced microdroplets.

We demonstrate that the developed system is able to achieve on-chip production of liquid 

metal microdroplets from bulk EGaIn in the presence of acoustic-induced forces. We also 

present that by applying an electrical potential to the liquid metal, both electrochemistry and 

electrocapillarity can be used to vary the size of produced microdroplets by controlling the 

interfacial tension of the metal. This ability is useful for making integrated on-chip liquid-

metal-based electrochemical sensing devices, which will be demonstrated in the next 

section.

3. Enhancing Heavy Metal Ion Sensing Performance via Acoustic Waves

Like the conventionally used liquid metal mercury, gallium-based eutectic liquid metal 

alloys including Galinstan and EGaIn can accumulate different heavy metal ions at the 

surface.[16] It has been previously reported that a hanging Galinstan droplet electrode 

(HGDE) can be employed in the voltammetric analysis of heavy metal ions such as Pb2+,[16] 

and the micro- to nanosized liquid metal/metal oxide spherical structures are able to increase 

the sensitivity further as they have a large surface to volume ratio.[5] In our system, the 

PMMA well can be used as an electrochemical sensing platform simply by placing a PMMA 

cap with inserted Ag/AgCl reference and graphite auxiliary electrodes, as shown in Figure 

Tang et al. Page 6

Small. Author manuscript; available in PMC 2018 December 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4A (see S5, Supporting Information for actual experimental setup). In stationary 

electrochemical detection systems, the reaction occurs near the electrodes and creates a 

diffusion layer, such a layer limits the current flow and hence the threshold of detection. In 

order to improve the sensitivity, convective enhancement of mass transfer is required to 

break down the diffusion barriers at the electrode interface.[17] In our developed system, we 

have demonstrated the capability of the acoustic-wave-induced forces for producing 

microdroplets of EGaIn. We also hypothesize that such acoustic waves are able to induce 

acoustic streaming within the PMMA well to significantly enhance the convective mass 

transport during electrochemical sensing, hence leading to an increase in sensitivity.

In order to prove the aforementioned hypothesis, the developed system was used for Pb2+ 

heavy metal ion sensing. In this system, a 10 μL single EGaIn droplet or produced EGaIn 

microdroplets were immobilized on a copper tape substrate and used as the working 

electrode. The EGaIn microdroplet working electrode was obtained by placing the thin glass 

slide onto an 80 °C hot plate to evaporate the acetic acid solution after the application of 

acoustic waves. The EGaIn microdroplets were pattered tightly together after evaporation 

and no disturbance of the structure was observed after adding electrochemical sensing buffer 

in the PMMA well. In order to show the capability of the acoustic waves for producing 

vortices within the PMMA well to enhance the convective mass transfer, numerical 

simulations were conducted to study the pressure distribution within the PMMA well after 

activating the transducer by an 8 kHz AC signal, as shown in Figure 4B–D. A simplified 

numerical model was used to observe the acoustic fields inside the PMMA well without the 

presence of EGaIn droplets and electrodes. The details of the numerical model are provided 

in S6 (Supporting Information). Figure 4C,D show the pressure distribution for the cross-

sectional areas given in the red and black boxes, respectively. High acoustic pressure is 

produced at the corner next to the transducer. Such pressure distribution is expected to 

induce two symmetrical vortices within the PMMA well, and this is experimentally proved 

as shown in Figure S6C and Movie S2 (Supporting Information). Polystyrene microparticles 

with a diameter of 15 μm were used to show the trajectories of the induced vortices. The full 

resolution of the acoustic streaming response demands a mesh resolution on the order of 

viscous boundary layer width. For our device, owing to the large mismatch between the 

device dimensions (with substrate length of the order of 1 cm) and the characteristic length 

scales of the second-order solution (the viscous boundary layer width: 1–10 μm), even a 

fully resolved 2D simulation of the full system is computationally expensive. Nonetheless a 

2D simulation of the second-order fields provides valuable qualitative insights into the 

acoustic streaming flow formed inside the PMMA well, which is shown in Figure S6D,E 

(Supporting Information).

270 μL ammonium acetate buffer containing Pb2+ ions with a concentration of 10 ppm was 

added to the PMMA well, and differential pulse anodic stripping voltammograms of Pb2+ 

were performed with a single EGaIn droplet used as the working electrode. In the beginning, 

a cathodic potential of −0.8 V was applied for 180 s in the absence of acoustic waves to 

preconcentrate metallic lead (reduce Pb2+ to Pb0) into the EGaIn liquid metal. The 

differential pulse voltammograms (DPVs) were then performed from −0.8 to −0.4 V, as 

shown in Figure 4E. The oxidation peak potential for Pb0 stripping is found to be at around 

−0.62 V. Interestingly, an increase in the oxidation peak is observed when the transducer is 
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activated by 20 Vp-p sinusoidal signals with frequencies ranging from 7 to 9 kHz during the 

preconcentration step, which is shown clearly in the inset of Figure 4E. The amplitude of the 

oxidation current peak reaches its largest value at 8 kHz, which is ≈3 times higher than 

measurements when acoustic waves are absent. The currents at the preconcentration step 

were recorded with different transducer activating frequencies using the current–time 

amperometry technique, as shown in S7 (Supporting Information). It can be seen that the 

current wave is smooth when acoustic waves are absent. However, the magnitudes of the 

currents increase and become unstable when acoustic waves are applied, with the largest 

current obtained at 8 kHz, which is in line with the DPVs obtained in Figure 4E, indicating 

the effect of the enhanced convective mass transfer due to the induced acoustic streaming 

within the PMMA well.

Next, we obtained DPVs using EGaIn microdroplets as the working electrode in the absence 

or presence of acoustic waves, as shown in Figure 4F. In this case, EGaIn microdroplets 

obtained with an oxidative voltage of 5 V were used. Interestingly, although the size of 

microdroplets is the minimum when a 10 V oxidative voltage is applied (Figure 3B), the 

maximum amplitude of the oxidation current peak was obtained for the microdroplets 

produced with a 5 V oxidative voltage, as shown in S8 (Supporting Information). This could 

be due to the fact that the thick oxide layer formed on microdroplets produced at higher 

oxidative voltages may prevent the accumulation of Pb2+ ions on the surface during the 

preconcentration step. Similar to the DPVs obtained with a single EGaIn droplet, the 

presence of acoustic waves leads to a significant increase in sensitivity (≈8 times), and the 

amplitude of the oxidation current peak is the largest at 8 kHz. The diameter of a 10 μL 

EGaIn droplet is ≈1.34 mm and the calculated surface area of the droplet is ≈22.45 mm2. 

Taking the average size (≈22 μm in diameter) of the EGaIn microdroplets produced with a 5 

V oxidative potential (see Figure 3B), the total surface area increases to ≈2700 mm2 after 

breaking the big droplet into microdroplets, which is ≈120 times larger than that of a single 

droplet. However, we only observed a ≈6 times enhancement of the sensing performance 

using the microdroplets at 8 kHz compared to the case where a single EGaIn droplet is used. 

This could be due to the fact that the oxide layer formed on the surface of microdroplets 

compromises the electrical path between the microdroplets and also prevents the 

accumulation of Pb2+ ions on their surface during the preconcentration step.

Additionally, we investigated the effect of streaming speed on the sensitivity of Pb2+ ions by 

changing the Vp-p of the activating signal for the transducer, as shown in Figure 4G. The 

amplitude of the oxidation current peak increases when a larger Vp-p is applied, reaching its 

maximum at an activating voltage of 20 Vp-p. Further increasing the voltage to 25 V lowers 

the oxidation current peak; this could be attributed to the fact that larger transducer signals 

could compromise the integrity of the patterned EGaIn microdroplet structure, leading to a 

weaker sensing performance.

It has been previously reported that liquid metal marbles, which are liquid metal droplets 

coated with layers of nanoparticles, are capable of achieving higher sensitivity for heavy 

metal ions detection in comparison to their non-coated counterparts[18] This enhancement is 

attributed to factors including the generation of localized electric fields at the electrolyte/

nanoparticle/liquid metal triple phase boundary, interaction between heavy metal ions and 
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the nanoparticles due to the existence of partial charges on the surface of nanoparticles, as 

well as the enlarged surface area produced by the nanoparticles.[5,18,19] It is expected that in 

the presence of acoustic wave induced streaming, the developed system is able to achieve 

on-chip production of uniformly coated microsized liquid metal marbles (mLMMs) and such 

mLMMs can be used for further enhancing the sensitivity of Pb2+ ion detection.

In this study, WO3 nanoparticles (≈100 nm diameter) were chosen as it has been previously 

reported that the WO3 nanoparticles coated liquid metal marbles provide much higher 

sensitivity for heavy metal ion detection compared to the results obtained using uncoated 

Galinstan droplets or droplets coated with other nanoparticles. [18] To produce such mLMMs 

with different coating densities, 50 to 200 mg of WO3 nanoparticles were added into 10 mL 

0.1% acetic acid solution to produce WO3 suspensions with concentrations ranging from 5 

to 20 mg mL−1. Next, 350 μL of the prepared WO3 nanoparticle suspension was added to 

the PMMA well together with a 10 μL EGaIn droplet, and EGaIn microdroplets were 

produced and mixed with the nanoparticles by activating the transducer as previously 

described with the presence of a 5 V oxidative voltage. Finally, the mLMMs were obtained 

by placing the thin glass slide onto an 80 °C hot plate to evaporate the acetic acid solution. 

Figure 5A shows the surface morphology of the produced mLMMs obtained by using WO3 

suspension with a concentration of 10 mg mL−1. It can be seen that the EGaIn microdroplets 

are uniformly coated with multilayers of WO3 nanoparticles.

Similarly, differential pulse anodic stripping voltammograms of Pb2+ were performed using 

the mLMMs as the working electrode. Figure 5B presents the DPVs obtained by mLMMs 

produced from WO3 nanoparticle suspensions with different concentrations. The transducer 

was activated by an 8 kHz, 20 Vp-p sinusoidal signal during the preconcentration step. The 

highest sensitivity was achieved when the concentration of the nanoparticle suspension is set 

at 10 mg mL−1, which is ≈40% higher than the case without WO3 nanoparticle coating.

Figure 5C shows the DPVs measured as a function of Pb2+ concentration. The Pb2+ ions 

detection limit of the system is found to be 500 ppb. The amplitude of the oxidation current 

peak has a linear response to the ion concentrations, as shown in Figure 5D. It should be 

noted that the limit of detection is higher than the results obtained in the previous study (100 

ppb) where micro- to nanosized Galinstan droplets were used. [5] This is likely due to the 

smaller size (<5 μm diameter) of liquid metal microdroplets, which were obtained using a 

high power sonication bath, and in turn a larger surface area was available to accommodate 

more WO3 nanoparticles.[5] The overall comparison for the DPVs obtained with a single 

EGaIn droplet, EGaIn microdroplets and mLMMs with or without acoustic waves is 

summarized in Figure S8B (Supporting Information). It can be seen that a ≈22 times 

enhancement of sensitivity for Pb2+ detection is achieved when mLMMs are used is the 

presence of acoustic waves compared to the case when a single EGaIn droplet is used in the 

absence of acoustic waves.

4. Conclusion

In summary, we developed a versatile miniaturized system for on-chip mass production of 

EGaIn liquid metal microdroplets with controllable size using acoustic-wave-induced forces. 
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The size of the produced EGaIn microdroplets is controlled by applying voltages to change 

the surface tension of the liquid metal using either electrochemistry or electrocapillarity 

when acoustic field is applied. This method can change the average diameter of liquid-metal 

microdroplets by a factor of ≈4, simply by varying the magnitude of the applied oxidative 

voltage. Most importantly, our system avoids the use of conventional bulky sonication baths 

or probes which are less portable, expensive, and complex, having many concerning 

variables for producing microdroplets with controllable sizes. The versatility of the system 

and the utility of the produced liquid metal microdroplets are then demonstrated by using the 

same platform as an electrochemical sensor for heavy metal ion detection. These liquid 

metal microdroplets together with WO3 nanoparticles are used to form microsized liquid 

metal marbles for establishing a highly sensitive electrochemical sensing platform. We 

demonstrate that in addition to generating the acoustic forces required for producing EGaIn 

microdroplets, the transducer in the platform can also be used for inducing acoustic 

streaming within the PMMA well when lowering the magnitude of the activating voltage. 

Such streaming enhances the convective mass transport during the preconcentration step for 

Pb2+ ions, leading to a significant enhancement of sensitivity for Pb2+ ion detection. 

Altogether, the developed system provides strong prospects for the development of 

integrated liquid metal microdroplet enabled applications in colloidal inks, composites,[3] 

electrochemical sensors,[5] photocatalysts,[5,6] or nanomedicine.[8] More importantly, liquid 

metal microdroplets can be assembled into 3D structures to develop electronic devices such 

as antennas,[2] electrodes,[1b] loudspeakers,[20] capacitors,[21] and UV sensors. [22] 

Furthermore, it is also worth exploring the possibility of using surface acoustic waves 

enabled microfluidic platforms to further miniaturize the system for on-chip production and 

manipulation of liquid metal microdroplets.[23,24]

5. Experimental Section

Chemicals, Reagents, and Preparation:

EGaIn, acetic acid (>99%), ammonium acetate powder (>99%), lead (II) acetate 3-hydrate, 

and WO3 nanoparticles (≈100 nm) were purchased from Sigma Aldrich, USA. 0.1% (v/v) 

acetic acid solution was prepared by adding 50 μL acetic acid into 49.95 mL DI water. WO3 

suspension was prepared by mixing 50 to 200 mg WO3 nanoparticles with 10 mL 0.1% 

acetic acid solution to yield concentrations of 5 to 20 mg mL−1. Then the WO3 suspension 

was kept in a sonication bath for 20 min to prevent agglomeration.

Experimental Setup:

Acoustic waves were produced by a piezoelectric transducer disk (Murata Electronics, USA) 

with a diameter of 20 mm bonded to a thin glass slide (22 mm × 40 mm × 100 μm) driven by 

a function generator (Tektronix AFG 3011, USA). The platform was mounted on the stage 

of an inverted microscope (Nikon TE-2000U, USA). Formation of EGaIn was captured 

using a Photron SA4 fast camera connected to the microscope. SEM images were obtained 

using a Leo 1530 field emission scanning electron microscope (FESEM). The PMMA well 

(8 × 8 × 6 mm) with 1 mm wall thickness is obtained by cutting a 6 mm thick PMMA plate 

using a CO2 laser cutter (Epilog Zing, USA), and the well is bonded to an Au/Cr (50/5 nm) 
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coated thin glass slide (1.2 × 1.2 mm) using epoxy glue. The numerical solution was 

conducted using the finite element software COMSOL Multiphysics 5.1.

Heavy Metal Ion Sensing:

The working electrode for Pb2+ ions detection was first prepared by wetting a copper tape 

with EGaIn. Then the liquid metal microdroplets or microsized liquid metal marbles were 

formed after activating the transducer and later on uniformly deposited onto the substrate by 

dehydrating the platform on a hotplate at 80 °C. All measurements were performed using a 

CH Instruments (CHI 830D, USA) electrochemical analyzer. The reference electrode was 

Ag/AgCl (aqueous 3 M KCl) and an inert graphite rod (2 mm diameter, Equalseal, USA) was 

used as the auxiliary electrode. For stripping voltammetry, 0.1 M acetate buffer solution was 

prepared by dissolving 3.35 g ammonium acetate into 50 mL DI water. The pH of the buffer 

was adjusted to 6.0 by adding acetic acid and measured using a microprocessor controlled 

pH meter. Lead ions (Pb2+) were incorporated in the supporting electrolyte by dissolving 

lead (II) acetate 3-hydrate. Prior to every scan, a preconditioning step (180 s at −0.8 V) was 

applied. The voltammogram was recorded by applying a positive-going scan from −0.8 to 

−0.4 V with a step increment of 5 mV, amplitude of 80 mV, and pulse period of 0.2 s.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematics of the acoustic-based liquid metal microdroplet production platform. A) 

Exploded schematic. B) Assembled schematic with an EGaIn droplet and copper wire 

placed inside the PMMA well. C) Top view of the experimental setup. D) Cross-sectional 

view of the experimental setup along the line AA’ in (C).
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Figure 2. 
Production of EGaIn microdroplets. Snapshot images showing the production of EGaIn 

microdroplets from one single droplet after activating the piezoelectric transducer with a 7 

kHz, 175 Vp-p sinusoidal signal at A) 0 s, B) 40 ms, and C) 1.58 s. D) Mean and standard 

deviation of the microdroplet diameter (black square), and time required for fully breaking a 

bulk droplet to microdroplets (red diamond) vs transducer activating frequency plot. The 

voltage applied to the transducer is set at 175 Vp-p. E) Mean and standard deviation of the 

microdroplet diameter vs voltage applied to the piezoelectric transducer. The frequency of 

the transducer is set at 7 kHz.
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Figure 3. 
Characterization of the produced EGaIn microdroplets at different oxidative/reducing 

voltages. A) Size distribution of the EGaIn microdroplets and their corresponding SEM 

images for microdroplets produced when DC voltages ranging from −5 to 30 V are applied 

to the EGaIn droplet. B) Mean and standard deviation of the microdroplet diameter vs 

applied voltage plot. The inset shows the mean and standard deviation of the microdroplet 

diameter vs transducer activating time plot when an oxidative potential of 10 V is applied. 

SEM images for the surface of produced EGaIn microdroplets when a voltage of C) −5, D) 

0, E) 10, and F) 30 V is applied to the EGaIn droplet.
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Figure 4. 
Pb2+ ion sensing using a single or microdroplet based EGaIn probe with or without acoustic 

waves. A) Schematic of the acoustic-based platform for electrochemical sensing of Pb2+ 

ions. B) Color plot for the distribution of the pressure field in the platform. Color plots of the 

pressure field distribution (blue minimum to red maximum) on the C) yz-plane (cross-

sectional area given in the red box) and D) xy-plane (cross-sectional area given in the black 

box) in the PMMA well. E) DPVs for Pb2+ ion sensing recorded using a 10 μL single EGaIn 

droplet without or with acoustic waves at different frequencies. The inset shows a magnified 

plot of the response. F) DPVs recorded using EGaIn microdroplets produced with a 5 V 

oxidative voltage without or with acoustic waves at different frequencies. G) DPVs recorded 

using EGaIn microdroplets when different activating voltages are applied to the transducer. 

The frequency of the signals is set at 8 kHz.

Tang et al. Page 16

Small. Author manuscript; available in PMC 2018 December 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Pb2+ ion sensing using WO3 nanoparticles coated microsized EGaIn liquid metal marbles. 

A) SEM images for the WO3 nanoparticles coated mLMMs obtained when WO3 suspension 

with a concentration of 10 mg mL−1 is used. B) DPVs recorded using mLMMs produced 

with different WO3 nanoparticle suspension concentrations. C) DPVs for increasing 

concentrations of Pb2+ recorded with mLMMs obtained using WO3 suspension with a 

concentration of 10 mg mL−1. D) Pb2+ concentration vs amplitude of the oxidation current 

peak plot.
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