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SUMMARY

Soft actuators offer several advantages over traditional rigid ma-
chines. Among soft materials, liquid metal (LM) is particularly note-
worthy for its electro-responsive surface properties that induce flow
or morphological changes, making it ideal for soft machines.
Although using LM droplets as micropumps is simple, they face
challenges in efficient vertical fluid pumping. Here, we report a
pump-valve dual-functional LM soft actuator (PDLMA) that can
continuously pump liquid upward. Benefiting from the unique con-
formability of LM, the PDLMA can provide the function of a check
valve, which blocks the backflow of the rising liquid while continuing
the pumping effect. At 6 V direct current (DC), the PDLMA lifts the
solution more than 80 cm. We demonstrate the device’s applica-
tions in circuit-on/off switches and pump-mixer systems. Moreover,
as a conceptual experiment, we show the PDLMA’s ability to achieve
contamination-free drug delivery. The PDLMA represents a crucial
step toward the development of soft actuators for flexible ma-
chines.
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INTRODUCTION

As one of the most essential organs, the heart is the power source of the biological

internal circulation system, and the heart valve can stop the return flow while contin-

uously pumping blood.1–4 There is an ever increasing interest in developing actua-

tors that can simulate a heart, which plays a role as a highly effective fluid controller

that has both pump and valve functions. In the past few decades, many such actua-

tors have been developed, which can be divided into valved and valveless cate-

gories according to whether valving components are involved. A valved pump is

generally operated by the periodic change of the cavity volume and the action of

the one-way valve. Micropumps driven by piezoelectric,5–8 electrostatic,9–11 electro-

kinetic,12–15 and hot-air brake16 actuators belong to this category. Although the

principle of the valved micropump is simple and the manufacturing process is

mature, frequent switching of valve plates will lead to compromised reliability and

reduced service life. Valveless micropumps use either asymmetric structures, such

as diffusers and rotary plates,17–21 instead of passive check valves or active electro-

mechanical components to control the flow of fluids.22 In addition, electrokinetic

mechanisms such as electroosmotics23–27 and potential gradient-induced Maran-

goni effect on liquid metal (LM)28–32 can be used to pump liquid without using

valves. However, the applications of these micropumps are hampered by limitations

such as high operating voltage, limited working fluids, low flow rate, and low back

pressure. The low back pressure makes achieving effective vertical pumping difficult

for existing micropumps.
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As a well-known LM,mercury is difficult to popularize because of the extreme toxicity

of its vapor.33–35 In contrast, gallium (Ga)-based alloys such as EGaIn (75 wt %Ga and

25 wt % indium) and Galinstan (68.5 wt % Ga, 21.5 wt % indium, and 10 wt % tin) are

promising materials for their low toxicity and near-zero vapor pressure.36–39 Besides,

these LMs have many excellent properties, such as high electrical and thermal con-

ductivities, near-water viscosity, readily tunable interfacial tension, and good

biocompatibility.40–44 These properties have enabled the use of LM in many areas,

such as wearable electronic devices,45–51 reconfigurable radiofrequency (RF) de-

vices,52,53 and artificial muscles.54,55 Additionally, theMarangoni flow effect induced

by LM has been reported in many studies related to robotic actuation.56–58 Once a

difference in surface tension along the LM droplet exists (induced by an electric

field59 or chemical reaction60), the droplet generates Marangoni flows that pulls liq-

uids from regions with lower interfacial tension toward areas with higher tension

along the surface. This actuation method exhibits low power consumption and elim-

inates the need for rigid connecting components, rendering it a promising candidate

for integration within fully flexible actuation systems.

In this study, we draw inspiration from the heart’s valving mechanism for unidirec-

tional flow and use the Marangoni effect induced by LM. Leveraging the conform-

ability of LM, the pump-valve dual-functional LM soft actuator (PDLMA) we

describe provides a check valve function that blocks backflow while continuing

to pump the liquid. We verify the existence of the induced upward flow and

optimize the structure of the PDLMA by both simulation and experiments. More

important, multiple PDLMAs can be reconfigured in parallel or in series to offer

enhanced pumping performance. Additional experiments are performed to

explore the potential of PDLMA in applications of circuit switches and liquid agita-

tions. Finally, to highlight the potential of PDLMA for biomedical applications, we

operate the PDLMA to drive air embolism for transporting liquid drugs, demon-

strating its capability for contamination-free drug delivery. In Table S1, we

compare our work with existing prototypes, including some commercial products,

across various performance metrics, demonstrating the structural advantages of

our integrated pump-valve design and its excellent performance in vertical pump-

ing with low power consumption.

RESULTS AND DISCUSSION

Operating principle of the PDLMA

Figure 1A shows the schematic of a PDLMA. The PDLMA consists of four major parts:

a three-dimensional (3D)-printed pump chamber, a copper electrode flake with wire,

filter gauze, and an EGaIn LM droplet, as shown in Figure 1B. The role of each part is

elaborated below.

LM droplet

In this study, EGaIn LM is used as the core of the PDLMA to induce vertical pumping

of the surrounding liquids.

Chamber

The 3D-printed chamber made of transparent photosensitive resin is specially

designed to hold the LM droplet, and it is plasma-treated to improve its surface

hydrophilicity to prevent the accumulation of gas bubbles (see Figure S1 in the sup-

plemental information for details). We adopt a vertical looped quartz tube as the

conduit for elongating the pump’s outlet. When the LM droplet is activated, the

structure of the chamber can facilitate Marangoni flow induced by the surface ten-

sion gradient across the LM droplet to flow upward.
2 Cell Reports Physical Science 4, 101700, December 20, 2023



Figure 1. Structure and operation of the PDLMA

(A and B) (A) Schematics and (B) assembly process of a PDLMA unit.

(C) Pumping 0.5 mol/L NaOH solution upward using a PDLMA. The inset is the height-vs.-time plot of the pumped NaOH solution.

(D) CFD simulation of the flow velocity vectors (millimeters per second) along the LM droplet surface.

(E) Simulated and measured flow rates for different section shapes of the holder.
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Electrode

We exploit the excellent wetting performance between Cu and LM to anchor the LM

droplet onto a Cu sheet. We connect the Cu sheet to the negative pole of the direct

current (DC) power supply; therefore, the LMdroplet can be continuously reduced to

remove the oxide layer on its surface and generate Marangoni flows. In our study,

the PDLMA is found to be able to continuously pump liquid even after operating

for more than 8 h, with no observed oxide layer on the surface of the droplet. The

theoretical lifetime of a PDLMA is >800 days (see supplemental experimental pro-

cedures). A graphite rod is used as an inert electrode, and it is connected to the pos-

itive pole of the DC power supply.

Filter gauze

A strip of fine and closely woven filter gauze, made of polyamide, is attached to the

pumpchamber’s inlet. Thefilter gauze is plasma treated to improve its surface hydrophi-

licity (see FigureS1). Thefilter gauze not only prevents the LMdroplet fromescapingbut

also endows thevalvingeffect to avoid thebackflowofpumped liquid causedbygravity.

To characterize the upward pumping effect, we embed and fix a quartz tube in the

pipe joint at the top of the pump chamber so that the liquid level can be monitored.

Phenolphthalein (PHPH), a chemical that can change its color to purple when mixed

with a basic liquid, is added to the container on top of the quartz tube to show the

existence of NaOH solution after pumping. Figure 1C shows sequential snapshots of

the vertical pumping effect induced by the PDLMA under 6 V activation (see Video

S1 in the supplemental information), in which we can see the rising of the concave

meniscus in the tube over time, and the color of liquid changes to purple when

reaching the container located �22 cm above the PDLMA. The time-vs.-height

plot in the inset of Figure 1C indicates that the rising speed of the liquid level atten-

uates within the first minute of pumping and then becomes constant. When the

PDLMA is activated, the EGaIn droplet deforms and is squeezed against the filter

gauze by back pressure. As the liquid level rises, the back pressure also increases

to induce more deformation on the LM droplet, making it block the filter further to

reduce the amount of inflow.
Cell Reports Physical Science 4, 101700, December 20, 2023 3
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We next conduct computational fluid dynamics (CFD) numerical simulations to

optimize the structure of the PDLMA. To induce the Marangoni effect, an external

electrical potential gradient is applied along the LM droplet surface, which leads

to a surface tension gradient. The relationship of surface tension g and the potential

across the electrical double layer V is described by Lippman’s equation:

g = g0 � 1

2
CV2: (Equation 1)

On the basis of our previous work61 and inspired by the operation of the valve in the

heart, we design and optimize the pump chamber in order to achieve the best

pumping performance.

We conduct CFD simulations to verify the flow field on the surface of the LM droplet

during pumping. To do so, we apply an electrical potential drop across the LM

droplet to generate a surface tension gradient. A flow of fluid is induced by the

surface tension gradient and the resulting flow field is guided upward confined by

the internal structure of the chamber, as shown in Figure 1D. The structure of the

chamber is critical for affecting the pumping performance.61 We conduct a series

of experiments and simulations using chambers of different cross-sectional shapes,

including square, triangle, and circle, as shown in Figure 1E (see Figure S2 for

detailed flow fields). We aim to use simulations to guide the design of the pump

chamber structure. In comparison with experimental data, our simulation results

consistently exhibited trends in flow rate variations for different chamber shapes,

with predicted flow rates falling within the same order of magnitude. The discrep-

ancies between the simulated and actual results stem from the inability to accurately

model the intricate morphological changes of the LM droplet, which result from the

interplay of liquid-liquid, solid-liquid, and external potential gradients. Both simula-

tions and experiments indicate that the circular shaped chamber offers the optimum

performance. We further investigate the effects of other parameters such as inlet

area, outlet area, the volume of the LM droplet, and applied voltage on the pumping

performance using simulations, as detailed in Figure S3. In general, a larger inlet/

outlet area and applied voltage can lead to higher flow rates, while the size of the

LM droplet should not be too large to cause blockage of the channel.
The valving function of the PDLMA

The LM droplet in the chamber can also act as a valve. When voltage is applied, the

LM droplet is activated and the Marangoni flow pumps the surrounding liquid to

cause the liquid column to rise. As pumping continues, the height of the liquid

column steadily increases and generates higher back pressure on the LM droplet,

forcing the LM droplet to deform and squeezing it toward the filter gauze. This re-

sults in the blockage of the flow and the reduction in the flow speed (Figure 2A). It

should be noted that, without the constrain of the chamber, the Marangoni effect

can only produce a localized flow field around the LM droplet without the ability

to bring the electrolyte upward. Therefore, the deformed LM droplet acts as a

pump and a valve simultaneously to induce a unidirectional flow of liquid. Figure 2B

demonstrates the synergistic pumping-valving effect. We inject EGaIn into the

chamber until it overflows into the quartz pipe and add NaOH solution into the

pipe. Upon activating the PDLMA, the level of the liquid rises because of the pump-

ing effect. When deactivating the PDLMA, the level of the liquid remains unchanged,

indicating the valving effect induced by the LM droplet.

In order to verify that the continuous rise of the liquid level in the quartz pipe is attrib-

uted mainly to the unidirectional valving effect of the LM droplet, we conduct an
4 Cell Reports Physical Science 4, 101700, December 20, 2023



Figure 2. Valving effect of the PDLMA

(A) Illustrations and photographs of the PDLMA when activated.

(B) Valving effect induced by the LM droplet after deactivating the PDLMA.

(C) Smaller LM droplet without the ability to induce the valving effect fail to pump liquid upward.

(D) Height-vs.-time plot with different heights of initial liquid level.
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experiment using an EGaIn droplet of smaller size, so that it cannot touch the filter

gauze to block the flow of liquid, as shown in Figure 2C. We observe only �1 mm of

liquid rise after activating the droplet for 30 s, indicating that the size of the LM

droplet needs to be sufficiently large in order to function as a valve, thereby enabling

the vertical pumping of liquid.

We further examine the effectivity of the valving effect by injecting liquid of various

heights (10–90 cm) into the quartz pipe and observing the change of liquid level over

time, as shown in Figure 2D. Without activating the PDLMA, we can see a more

obvious reduction in the liquid level over time for both low (10 cm) and high

(>75 cm) initial liquid level conditions. This is because a low liquid level generates

less back pressure to deform the LM droplet to seal the filter gauze, while the large

back pressure induced by a high liquid level significantly deforms the droplet and

even causes leakage of LM.
Investigating factors affecting pumping performance

We next investigate a series of parameters that may affect the performance of the

PDLMA, including the mesh size of the filter gauze, operating voltage, the size of

the LM droplet, the concentration of NaOH, and the size of the outlet aperture. Fig-

ure 3A shows that increasing the filter mesh number leads to a higher liquid level af-

ter activating the PDLMA, where the flow rate is not significantly compromised. As
Cell Reports Physical Science 4, 101700, December 20, 2023 5



Figure 3. Parameters affecting the pumping performance of the PDLMA

(A) Changes in the flow rate and height with respect to mesh number. Error bars represent standard deviation (n R 5).

(B and C) Change in liquid level with respect to time under different (B) voltages and (C) LM volumes.

(D) Changes in the flow rate and height with respect to NaOH concentration. Error bars represent standard deviation (n R 5).

(E) Changes in liquid level with respect to time under different outlet aperture sizes.

(F) Flow rate vs. back pressure plot for the case with 1 mm outlet aperture.
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discussed in the previous section, a denser mesh enhances the valving effect to pre-

vent the backflow of pumped liquid and leakage of LM. A larger external potential

can generate a steeper surface tension gradient along the surface of the LM droplet,

thereby leading to a higher flow rate to make the pumped liquid reach the equilib-

rium position earlier, as shown in Figure 3B. However, if the applied voltage is larger

than 7 V, the maximum liquid level decreases, which is due to the blockage of the

channel induced by the gas bubbles generated by electrolysis.

Our CFD simulations reveal that the size of the LM droplet affects the pumping per-

formance (see Figure S3 in the supplemental information for details). This is also veri-

fied by our experimental results, as shown in Figure 3C. The PDLMA cannot pump

vertically when the LM droplet takes less than 80% of the chamber volume, and

increasing the volume percentage p to 90% leads to a significant improvement of

the pumping performance. This can be explained by the necessary valving effect,

which requires the LM droplet to be sufficiently large to block the backflow of the

pumped liquid. However, an oversized LM droplet will also block the upward flow

of liquid to compromise the pumping effect (see the p = 100% case in Figure 3C).

Our simulations are incapable of predicting the case with oversized LM droplets,

which is because our model cannot reflect the deformation of the LM droplet during

pumping. The PDLMA is capable of working in NaOH solutions with a wide range of

concentrations. In Figure 3D, increasing the NaOH concentration from 0.05 to �0.4

mol/L results in better pumping performance. However, this also leads to a higher

production of gas bubbles on the LM droplet, as shown in Figure S4. Some of these

bubbles escape through the filter at the inlet, obstructing the flow of the electrolyte

into the chamber and reducing the pumping speed. In comparison with lower
6 Cell Reports Physical Science 4, 101700, December 20, 2023
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concentration scenarios, the LM droplet becomes more susceptible to leakage

through the filter at identical back pressure, disrupting the valve function and

reducing the maximum achievable pumping height.

As predicted by our simulation results given in Figure S3, our experiments verify that

the outlet aperture of the chamber also affects the pumping performance, as shown

in Figure 3E. The PDLMA works effectively with aperture diameters of 1 and 2 mm;

however, increasing the aperture to 3 mm deteriorates the pumping effect. This is

because the larger outlet cannot effectively restrict the escape of the EGaIn droplet

during pumping. Upon the application of voltage, the LM droplet tends to move to-

ward the graphite rod (the positive electrode of the power supply), resulting in its

emergence from the outlet, which is not accounted for in the CFD model. This phe-

nomenon also obstructs the rising channel of the electrolyte, thereby affecting the

pump’s functionality. The final height of the liquid column is 775 mmwhen the outlet

diameter measures 1 mm and increases to 830 mm when the diameter is 2 mm. It is

remarkable that such significant final heights can be achieved given that the PDLMA

itself is only about 10 mm in size. Although the 1 mm outlet aperture performs better

than the 2 mm one in terms of final liquid column pumping height, it has a higher

pumping rate. From our experimental observation, a 1 or 2 mm aperture provides

a better ability to withstand back pressure from the liquid in the tube, leading to a

better valving effect thereby the pumping performance. We select the case when

the outlet aperture is 1 mm and plot the corresponding pressure-flow curve to reflect

the pumping characteristics of the PDLMA, as shown in Figure 3F. We further

examine the pumping performance with different electrolyte solutions and inner di-

ameters of quartz tubes, as detailed in Figure S5. Benefiting from directly using the

LM droplet as the cathode, the PDLMA effectively operates with a diverse range of

electrolytes, displaying minimal variations in performance. In addition, the final

heights of the liquid level are almost the same for tubes with diameters from 3 to

7 mm. A larger tube diameter reduces the liquid rising velocity but not the final

height.

Applications of the PDLMA

The simple structure and operation of the PDLMA make it possible to reconfigure

multiple actuators to enhance performance. Inspired by electrical circuits where a se-

ries connection of power supplies provides higher voltage output and a parallel

connection offers larger current, multiple PDLMA can be reconfigured in series or

parallel to improve the flow rate or the height of liquid level. Figure 4A shows the

monitored flow rate for a system with four PDLMA connected in series. A reservoir

platform is used to connect two PDLMA units in series in the vertical direction.

This structure resets the back pressure so that when the solution flows through the

next actuator, the original peak flow rate can be reached again (Figure 4A). As a

result, the high flow rate can be maintained without decreasing when the liquid level

is high. The flow rate of a single PDLMA decreases from 3,700 to 1,700 mL/min within

7 s, the activation of the PDLMA in the next stage restores the flow rate, allowing for

rapid pumping of liquid to a higher level compared with a single PDLMA. In the par-

allel configuration given in Figure 4B, four PDLMA units result in a high output vol-

ume of 3,223 mL within 40 s, which is about four times the output volume achieved

when a single unit is used.

We further explore the hybrid configuration connecting PDLMA units in both series

and parallel, as shown in Figure 4C. This system has a three-level tower pipeline

network composed of PDLMA units (see also Figure S6 in the supplemental informa-

tion for details). The first level consists of four units connected in parallel, and the
Cell Reports Physical Science 4, 101700, December 20, 2023 7



Figure 4. Parallel and series configurations of the PDLMA

(A) Change in flow rate with respect to time with a single PDLMA and four PDLMA units connected in series. The inset shows the experimental setup.

(B) Change in pumped liquid volume with respect to time with single PDLMA and four PDLMA units connected in parallel.

(C) A vertical pumping system with PDLMA units connected in both series and parallel pumps NaOH solution vertically into a container with PHPH (100

mesh number cm�2, 6 V DC, 0.5 mol/L NaOH solution, LM droplet/chamber volume ratio 90%, diameter of outlet aperture 1 mm).
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second level has two PDLMA units connected in parallel that are in series with the

first level. The third level has one PDLMA and the top has a container filled with

PHPH. Each level is integrated with an independent switch to control the on-off state

of the PDLMA units. When PDLMA units in each level are activated sequentially,

liquid can be pumped upward from the lower level to the container on the top within

100 s (see also Video S2 in the supplemental information).

Harnessing the versatility of the PDLMA, we further investigate its applications in con-

trolling circuits,mixing liquids, andbuilding contamination-free liquid drug infusionde-

vices. Figure 5A demonstrates the use of a PDLMA as a switching circuit for activating

LED lights.With the increase in theNaOHsolution level, the conductive electrolyte con-

nects the circuit in a sequence to turn on light-emitting diodes (LEDs) with the shape of

‘‘USTC’’ (see also Video S3 in the supplemental information). As the PDLMAcan be con-

nected in series or parallel, we demonstrate the mixing and vertical transportation of

two different liquids from separated reservoirs, as shown in Figure 5B. We fill two Petri

dishes with blue and yellow colored NaOH solution (0.5 mol/L) and used three PDLMA

units to firstmix the liquid from the two reservoirs andpump themixed liquid toward the

container on the top. The chaotic advection generated by the Marangoni flow can effi-

ciently mix the two incoming liquids and meanwhile pump the mixed fluid toward the

top reservoir (see also Video S4 in the supplemental information).

Finally, we design a contamination-free liquid drug infusion device using an air em-

bolism in the infusion pipe to separate the working solution (NaOH solution) and
8 Cell Reports Physical Science 4, 101700, December 20, 2023



Figure 5. Examples of applications of the PDLMA

(A) Sequential snapshots showing a circuit-on/off switch on the basis of the PDLMA.

(B) Sequential snapshots showing a pump-mixer system enabled by the PDLMA.

(C) Sequential snapshots showing a contamination-free liquid drug infusion device on the basis of the PDLMA (150 mesh number cm�2, 6 V DC, 0.5 mol/L

NaOH solution, LM droplet/chamber volume ratio 90%, diameter of outlet aperture 2 mm).

ll
OPEN ACCESSArticle
schematic liquid drug (deionized water dyed with red ink). As depicted in Figure 5C,

we assemble a conceptual biological internal circulation system where the PDLMA

plays the role of a heart in the system. On the left of the internal circulation system

is the infusion part which is driven by a PDLMA. We inject 20 mL of liquid drug

colored with red dye into the pipe in advance, one end of the pipe is connected

to the internal circulation system, and a section of air is reserved at the other end

to isolate the drug from the NaOH solution used for pumping. Upon activating

the PDLMA, NaOH solution is pumped to push the air embolism in the pipe, result-

ing in the infusion of the liquid drug into the internal circulation system without

contamination (see Video S5 in the supplemental information). The produced

hydrogen gas bubbles in the PDLMA eventually merge with the initially reserved

air embolism, which contributes to the growth of the air embolism to provide better

isolation. We cut off the power of the contamination-free liquid drug infusion device

by removing the graphite electrode about 19 min after the injection start, while

keeping the power supply of the internal circulation system. After 54 min, the liquid

drug in the internal circulation system is uniformly dispersed under the continuous

pumping of the heart organ played by the PDLMA (see Figure S7 in the supple-

mental information for details).
Cell Reports Physical Science 4, 101700, December 20, 2023 9
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In summary, by using an EGaIn droplet as the core, we propose a soft actuator that

functions as both a pump and a valve. Without mechanical moving parts, the

PDLMA is easy to fabricate, operate, and maintain, offering excellent maneuverability

and reconfigurability.When aDC voltage is applied to the EGaIn droplet, the PDLMA’s

chamber structure guides the flow generated by the Marangoni effect to move verti-

cally through the outlet. Meanwhile, the valving effect is generated between the

EGaIn droplet and the filter screen, intercepting the backflow during vertical pumping.

With just 100 mL EGaIn and a 6 V DC input, the device can raise the electrolyte more

than 80 cm and reach a high initial flow rate of 3,600 mL/min.We thoroughly investigate

the PDLMA’s operating parameters and structural design to optimize its performance.

Assembling multiple PDLMA units in parallel and in series can improve the flow rate

and height limit of the liquid level. The PDLMA’s dual functionality as a pump and valve

under low driving voltage has enormous potential in constructing multifunctional de-

vices, including circuit-on/off switches, integrated pump-mixer systems, and contami-

nation-free liquid drug infusion devices. We believe that the PDLMA will offer new op-

portunities for developing future soft robotics and electronics.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact, Shiwu Zhang (swzhang@ustc.edu.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

The data generated in this study are available from the lead contact upon reasonable

request.

Materials

EGaIn was purchased from Santech Materials Co., Ltd. The Cu sheets and wires were

purchased from Yuandelai Industrial Materials Co., Ltd. NaOH was purchased from

Aladdin. The pump chambers were 3D-printed from transparent photosensitive

resin (Form 2; Formlabs), and the assembled units were modified by air plasma

cleaner (VP-R5; SUNJUNE) to make surface of inner pump chamber hydrophilic.

Quartz pipes were purchased from Donghua Quartz Products Co., Ltd. The DC

voltage was provided by a DC power supply (DP832; RIGOL). Most bonding was

achieved with chemically inert UV curing adhesive (LEAFTOP).

Experimental design

The PDLMA chamber, optimized beforehand through simulations, was 3D-printed and

treated with a plasma cleaner to make its surface hydrophilic. Afterward, we installed a

copper plate and a filter onto the pump chamber and used photosensitive resin as an

adhesive to secure them in place. Then, we extracted an appropriate amount of

EGaIn with a syringe and injected it into the PDLMA chamber, ensuring the LM droplet

makes good contact with and wets the copper plate. The assembled PDLMA unit was

submerged in NaOH solution (usually 0.5 mol/L) and all the air in the PDLMA chamber

was evacuated. Next, the negative pole of a DC power source was connected to the

copper plate to maintain the LM droplet in an electrochemical reduction state during

the experiment and prevented it from losing its surface mobility because of oxidation.

The positive pole of the power source was linked to a 2 mm diameter graphite rod,

which was inserted into the NaOH solution and positioned 5 cm from the PDLMA inlet.
10 Cell Reports Physical Science 4, 101700, December 20, 2023
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Most experiments were conducted under a 6 V applied voltage. A quartz pipe, 1 m in

length, was attached to the PDLMA outlet. We embedded a vertical quartz pipe into

an acrylic board with a red LED strip, placed directly behind the quartz pipe. When

the LED strip was illuminated, the refraction effect of the light clearly marked the liquid

column height, allowing the industrial camera to capture the liquid surface position

easily. Finally, the liquid surface height data were obtained by processing the video

frame by frame to identify the liquid surface position.
CFD simulation

The numerical simulations were conducted using COMSOL, where the models were

constructed using the electric currents and creeping flow modules. The Marangoni

phenomenon, which causes fluid flow, occurs when a tension gradient exists in the

two-phase interface. By applying an electric field, we can alter the potential distribu-

tion of the droplet surface and generate a tension gradient. The potential difference

across the droplet and the surface tension between the LM and electrolyte follow

Lippman’s equation (Equation 1). The governing equations that the fluid in the

device satisfies are as follows.

Electric field governing equations

V$ J
!

= 0 (Equation 2)
J
!

= sE
!

(Equation 3)

and

E
!

= � VV (Equation 4)

Where s is the conductivity of electrolyte, J
!

is the current density, E
!

is the electric

field intensity, and V is the voltage.

Flow field governing equations

The fluid satisfies the Navier-Stokes equation and incompressible fluid continuity

equation and consider steady flow:

rð u!$V u!Þ= V$
��pI + K

�
+ F
!

(Equation 5)
K = m
h
V u! + ðV u!ÞT

i
(Equation 6)

and

V$ u!= 0 (Equation 7)

Stress conditions on liquid metal surface

��pI + K
�
n! = Vtg (Equation 8)

Where I is the identity matrix, K is the shear stress matrix, u! is fluid velocity, r is fluid

density, p is pressure, m is viscosity, F
!

is external force per unit volume fluid

received, and n! is the unit vector that is normal to the surface.
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