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Sl Appendix 1: Electrical equivalent circuit of the pump system and the deduction details of

Ap.
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Figure S1. The equivalent circuit describing the pump systBgis the electrolyte resistandg; is
the resistance of the thin layer of electrolytensetn the Galinstan droplet and the channel WZail.
andR are the double-layer capacitance and the chargefénaresistance of the EDL between the
graphite electrode and the solution, respectiv®lyeciode IS the potential applied between the
electrodes| is the current for the equivalent circuit, ang is the voltage drop caused by the

current flowing through the layer of electrolyteween the Galinstan droplet and channel wall.

Surface tension between the liquid metal and teetellyte depends on the potential difference

across the EDL, as described by Lippman’s equation:

1
Y=Y —5cV? [S1]

wherey is the surface tensiom, is the capacitance of the EDL per unit aréas the potential

difference across the EDL, apglis the maximum surface tension whérD.
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Assuming that the charges in the EDL are uniforchbfributed in each hemisphere of the Galinstan
droplet. Thus, the pressure difference across e & each hemisphere can be obtained from

Young-Laplace’s equation:
=vy— S2
P=YZ [S2]

wherep is the pressure difference between the electra@gtethe Galinstan (pressure of Galinstan
is higher). Therefore, the pressure differenpebetween the downstream (left) and upstream (right)

hemispheres of the droplet can be expressed as:

20y

2
Ab =1 — 1o = (v —y) 2= 22Y S3
p=p.—pPr= L VR)T, - [S3]

wherep,. andpg are the pressure difference between the surrogrdjnid and the Galinstan of the
downstream and the upstream hemispheres, resggcimgle y. andyr are the surface tension of

the downstream and the upstream hemispheres, teghec

Using equation (S1), the surface tension differexicean be expressed as:

c
Ay =y, —vr = E(VRZ - VLZ) [S4]

where V| and Vr are the potential difference across the EDL of dioginstream and upstream

hemispheres, respectively.

The voltage drop between the two ends of the dtaplexpressed a&p, which is caused by the
current flowing through the layer of electrolytetlween the Galinstan droplet and channel wall

(Fig. S1). This voltage drop can be estimated as:

A(p =R, ~ ] 2r . O-Velectrode Acurrent 2r
=IR; = =~

S5
aAgap Lcurrent O-Agap [ ]



_ 2Veiectrode Acurrent * T

Lcurrent Agap

wherel is the current in the circuig is the conductivity of the electrolytéys,, is the equivalent
cross sectional area of the electrolyte betweerGiestan droplet and channel wall in the droplet
seat chambelNeiectrode IS the potential applied between the electrotlegn: is the total length of
the current path, and..ent iS the equivalent cross sectional area of thesatipath. If the value of
the droplet radius is close to the radius of the droplet seat char(th&rmm),A,, can be estimated

as:

4 3
~ Useat — §TL’T‘ _ Useat _ 2 2 [56]
gap 2r 2r 3

A

wherevsea s the volume of the electrolyte in the droplestsehamber. According to equation (S6),
we see that largerleads to smallefg,, In the presence of no external potential applieel EDL is
initially charged byg, and the voltage that appears due to this chargg ishich can be expressed

as:V, = go/c. The potential difference across the EDL and tisohute voltage can be related as: (1)

A

V=V, —— [S7]
2
A S8

Inserting the values 0¥, and Vg into equation (S4), the surface tension differengecan be

calculated as:

Ay =V, Ap =q, " A [S9]

By combining EqsS2 to S9, the pressure differendg can be expressed as:



Ap = 20y _ 2q, " Ag _ 49, Acurrent * Veictrode

S10
r r Lcurrent Agap [ ]

If we aSSUI’nQOZOOS C/I’ﬁ (2), Acurrern: 5 mrﬁ, Ve|ectrode_—2.5 V, Lcurren[:40 mm,Agap:4 mn? (When
r=1.35 mm), the value dfp is estimated as 15.5 Pa. This is a sufficient jpresdrop to produce a

pumping effect.



Sl Appendix 2: Detailed explanation of the pumping mechanism
Moving droplet:

Applying an external potential along the channabketo redistribution of the charges in the EDL
along the surface of the Galinstan droplet, as shiowFig. S2-A. This results in a higher surface
tension on the downstream (left) hemisphere ofditwplet, as explained in the main manuscript.
This in turn increases the pressure difference eéetvthe droplet and the surrounding liquid, which

is more intense on the downstream hemisphere afrthyget, as shown in Fig. S2-B.

The theoretical variation of pressure across t&di metal droplet and the surrounding medium has
been plotted in Figure S2-C. The plot can be difid#o three distinct sections, covering: (i) the
liquid metal droplet itself, (ii) the buffer zonegntaining the medium in the direct contact wita th
liquid metal, with sharp variations of velocity apaessure across this zone (note that the siZgeof t

buffer zone is exaggerated), and (iii) the mediamfifomn the droplet.

Across the liquid metal droplet, the pressure diffice reaches its maximum at the downstream end
and reduces towards the upstream end of the dr@dediscussed before. Across the buffer zone,

the pressure sharply reduces until becoming zellmotimsides of the moving liquid metal droplet.

The pressure difference between the droplet andnigium produces counteracting forcesof
andFg on the droplet along theaxis, as shown in Fig. S2-IF, is larger due to higher pressure
generated at the downstream hemisphere (left). Assalt, the droplet is pushed towards the

upstream (right) direction.

The motion of the droplet system can be interpretgd the analogy of a motion of a rowing boat
on the water, as shown in Fig S2-E. The Galinstapldt is similar to the boat where the pressure

difference produced across the pump generatesa $omilar to that of produced by the paddles.

When the paddle moves in the direction of the blaglow (Figure 2S-E), a higher pressure is

produced on the left-hand side of the paddle, whitshes the boat towards the right-hand side.
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Stationary droplet (pumping liquid):

The blocking of the Galinstan droplet by the netkhe droplet seat chamber does not change the
distribution of charge in the EDL or the pressunetite surface (Fig. S2-A' and B'). This is because
the voltage drop between the two ends of the dtope remains the same. Additionally, as
evidenced by the images shown in Fig. S24Be deformation of the droplet is minimal, i.e.
(D1/Dinitiat — 1)x100%=2.6%, and its contact area with the nédke seat chamber is much smaller
than the droplet surface area itself. In the othends, the overall pressure on the left hemispbére
the droplet is always larger than that of the rightmisphere as along as an external potential is
applied. As a result, the variations of pressureszthe liquid metal droplet remain the same as th

case when the droplet was moving to the right g S2-B").

Along the channel, the pressure reduces lineadgraing to the direction of the flow (this linear
reduction in pressure is due to the effect of vehiéar stress) (3). Across the buffer zone, the
pressure sharply changes (reduces at the far leife vincreases at the far right) to match the

pressure of the flow with that of the liquid medabplet (Fig. S2-C').

The droplet is held still by the chamber as theralvdorce on the droplet is zero, as the force
produced by the pressure difference across the Spieries and the force applied by the seat
chamber reach a balance. In this case, the predsterence across the droplet causes the flow of

the surrounding liquid towards left, as shown ig.F82-D'.

As soon as the droplet is constrained by the wathe droplet seat chamber, the Galinstan droplet
is deformed and a smaller radius of curvature iiséa on the upstream of the droplet. As a result,
the resultant forces induced by the pressure difieg between the Galinstan droplet and the
surrounding liquid, as well as the neck of the chamis balanced, as described below and shown

in Fig. S2-D":



FL = Fr= Fwai= m Ujiquia
— PLxAL—PrxArR=Fwai>0
A=AR > P—PFr>0

wherem is mass flow rate andiquiq is the average velocity of the liquiB, andPr are the pressure
difference between the droplet and the surroundiggid on the downstream and upstream
hemisphere of the droplet, respectivedy. and Az are the surface area of the downstream and
upstream hemispheres of the droplet, respectived\p, is larger tharPr, which is not balanced, a

flow of liquid is induced.

Similarly, the induced flow can be interpreted gsan rowing boat analogy, where the paddle is
moving but the boat is stopped by an impeding bl@skshown in Fig. S2-E'. The high pressure
produced on the left-hand side of the paddle camuse the boat and instead generates the flow of

the surrounding liquid towards the left side.
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Figure S2. Operation mechanism of the liquid metal enabledgum

Moving droplet: (A) Schematic of the Galinstan droplet EDL chargdrithistion when an electric

field is generated between the graphite electrofBsPressure distribution along the Galinstan
droplet surface.§) Variations of pressure along the channBl Counteracting forces applied by
the surrounding liquid on the Galinstan dropleingldhex-axis. €) Schematic of a rowing boat as

an analogy to the Galinstan droplet.

Stationary droplet (pumping liquid): (A") Schematic of the Galinstan droplet EDL charge
distribution. @") Pressure distribution along the Galinstan dropletface. C) Variations of

pressure along the channd."\ A Galinstan droplet is constrained in a dropkstschamber. Scare



bar is 1 mm. ') The Galinstan droplet motion is stopped by that sshamber neck and the
pressure difference generates a flow of surroundirdium. E) Schematic of a rowing boat as an

analogy to the pumping system.
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Sl Appendix 3: Raman spectra of the Galinstan droplet surface

i —Anodic pole 0V
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Figure S3. Raman spectra of the Galinstan droplet in the 180-@m’ region at 0 and 5 VAN
electrochemical reaction takes place when the &almdroplets are polarised upon the application
of an electric field. A series of Raman measurementonducted (while the liquid metal is held stil
in a reservoir). As can be seenj-&a0; layer is formed on the anodic pole of the droglatface
(as depicted by the appearance of 417" qmeak shift) (4) when a +5 V DC voltage is applied
between the two electrodes. This oxide layer chairige properties of the electrical double layer

which assist the electrowetting/de-electrowettingcpss during the application of the pulses.
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Sl Appendix 4: Sequential snapshots demonstrating the pumping effect of a Galinstan droplet

when a5V DC voltage applied

Figure $4. Sequential snapshots for the pumping effect @ahnstan droplet with 2.7 mm diameter
in the PMMA channel filled with NaOH solution (0rBol/L), while a 5 V DC voltage is applied
between the two graphite electrodes, a dropletefisl used to demonstrate the pumping effect. The

pumping effect is diminished and finally vanishégia6 s.
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Sl Appendix 5: High speed images of the droplet.

Using a high speed camera (2000 frame/s), sequenagshots for a Galinstan droplet during one
cycle of the applied voltage signal when a 9,200 Hz square wave with 2.5 V DC offset is
applied, as shown in Fig. S5. The droplet locatebearight-hand side of the chamber and slightly
protrudes into the neck of the channel. Howeverfunther obvious change of droplet morphology
and no oscillatory movement is observed, indicatingt the pumping effect is not caused by

droplet oscillation.

Figure Sb. Sequential snapshots for the Galinstan droplehdune signal cycle.

The potential across the EDL at the interface bebwhe metal droplet and electrolyte increases
towards the upstream hemisphere causing a gradiarterfacial tension (Fig. S2-A). The interface

is thus should drawn towards the downstream heraigpliny a phenomenon similar to continuous
electrowetting (Eq. 1), or the Marangoni effect.ddn electrostatic conditions, the interface would
distort to minimize surface energy and terminateeoaquilibrium was achieved. However, it is

clear from our observations (Fig. S5 and S2-B&} frumping continues even after deformation has
ceased. To explain this, one could imagine thetgdecurrent flowing through the electrolyte as a

stream of ions. The ions impact the downstream $gineire, neutralizing the EDL and releasing the
fluid from both sides of the interface. Continuoelectrowetting may then push the released
electrolyte downstream, away from the droplet dadliquid metal can recirculate through the body

of the droplet to the upstream hemisphere, forrechdjes.
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Sl Appendix 6: Contr ol experiments without Galinstan droplet and with Mercury droplet.

In order to rule out the electro-osmosis effeatpatrol experiment is conducted without liquid nheta
droplet in place. No pumping effect is observedngiss square wave signal of 200 Hz, 16,8 V

DC offset and 50% duty cycle, as indicated by imjgca droplet of dye (Fig S6-A). Increasing the
magnitude of the voltage leads to electrolysis i@ solution with gas bubbles generated on the
electrodes while no pumping occurs. Adding a Gadimgiroplet into the chamber after 7 s leads to

immediate pumping of the liquid (Fig. S6-A).

We also conduct a control experiment with a merangplet instead of Galinstan. A flow rate of
1,500 pL mift is obtained using a square wave signal of 200542, 2.5 V DC offset and 50%
duty cycle, which is comparable to the performaot&alinstan droplet (Fig S6-B). This confirms

that the pumping of liquid is caused by the elegatiing effect.

200 Hz

p-p’

PP/

A 16 V. 200 Hz B 5V

Os

5s

7s

8s

10s

Figure S6. Experiments without liquid metal and with mercumpplets. f) Sequential snapshots

for the pumping effect with and without a Galinstimoplet in the PMMA channel filled with NaOH
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solution (0.3 mol/L). The Galinstan droplet is ad@s 7 s. A square wave signal (200 Hz, 16,\8

V DC offset and 50% duty cycle) is applied betwela two graphite electrodesB)(Sequential
snapshots for the pumping effect of a mercury aéropith 2.7 mm diameter in the PMMA channel
filled with NaOH solution (0.3 mol/L), while a sguwawave signal (200 Hz, 5y, 2.5 V DC offset
and 50% duty cycle) is applied. Droplets of dyewsed for demonstrating the pumping effect. Scale

bar is 2 mm.
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S| Appendix 7: Calculation of Galinstan droplet lifetime.

Inductively coupled plasma mass spectrometry (IC®-Mests indicate that the gallium
concentration is increased from 0.15 to 71uB#bl/L in 20 min (~100 cycles). The molecular mass
of gallium is 69.723 g/mol and the volume addeth®channel is 0.4 mL. Therefore, the amount of

gallium loss can be estimated as below:

Callium loss — (71.34 — 0.15)umol /L  69.723 s 0.4 mL
allium loss = 106 . g/mo 1000 L

= 1.985 ug

The density of Galinstan is 6.44 g/t(8) and it contains 68.5% of gallium. If the weiglercentage
of gallium reduces from 68.5% to 59.6%, the Gatinsdiroplet will lose its eutectic ability (6). Thus

the life time of one droplet of Galinstan of 2.7 rimmeter can be estimated as:

Life time of Galinstan droplet =

20 min

——— ~ 59516 min ~ 41d
1985 1g min ays

4
(6.44 g/cm3 x 37X 0.135%) X (68.5% — 59.6%) X

Here we have ignored the effect of tin since theoam of tin dissolved in the solution is small

compared to gallium.
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Sl Appendix 8: Computational fluid dynamic (CFD) simulations

A series of CFD simulations are conducted to coimgmd the behaviour of the soft pump using the
ANSYS Fluent 6.3 Software Package (Canonsburg,UP3%). The simulations are conducted in 3D
and steady state. The fluid is assumed to be Neaviand the flow is considered laminar due to its
low Reynolds number. Under these conditions, weestthe Navier-Stokes differential equations
governing the balance of mass and momentum forlithed flowing inside the poly(methyl

methacrylate) (PMMA) channel, as given below:
O =0 [S11]
pUMU=-0P+u 04U [S12]

in which g andP are the velocity and pressure, respectively, whi#e998 kg/m andu = 0.001 Pes

are the density and dynamic viscosity of the liquid

The boundary conditions include a constant sheassialong the upstream side of the soft pump, a
zero shear stress along the top free surface aftthenel and no-slip boundary condition along the
other surfaces of the channel. The pressure difterealong the downstream and the upstream
hemispheres of the droplei) presented in Equation (1), can be translated antmnstant shear

stress ) across the entire surface of the droplet:

Ap - Across section = T° Asurface area
[S13]

= Ap'nr’=1-4wr? = T=Ap/h

Moreover, the Lagrangian particle tracking modelisized to predict the trajectory of particles

suspended in the liquid as:

dljparticle - 18/'1
dt p particle Djanic

Uenno~U) +(0,,.. — PG, [S14]

le
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where U _ ... » Pparide @and Dyarie are the velocity, density and diameter of the enmdpd particles,

particl

respectively.

0 0.0031 0.0063 0.0094 0.013 0.016 0.019 0.022

Figure S8. The trajectory of suspended particles colouredHgy velocity of particles (m/s) and
obtained by the Lagrangian particle tracking modible particles follow the pattern of the vortices,

as shown in Fig. 2B in the main manuscript, mowerdeard to pass through the interface of the two

vortices.
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Sl Appendix 9: Schematics of the developed PMM A channels with shorter electr ode gaps

A

PMMA channel

Figure S9. Schematic of the PMMA channel with the gap betwi® electrodes ofAj 20 mm and

(B) 10 mm. The length of the channel is 65 mm.
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Sl Appendix 10: Schematic of current flow.

Cy v

/ electrode

R

ct

Current flow when
V=V,

electrode

V,

A electrode

t Applied square wave signal
high

%

electrode

Current flow induced
by C, when V=0

Figure S10. (A) The equivalent circuit describing the pump systBgis the electrolyte resistance,
Ry is the resistance of thkin layer of the electrolyte between the Galinddasplet and the channel
wall. Cy4 and R; are the double-layer capacitance and the chaagefdr resistance of the EDL

between the graphite electrode and the solutiepedively.

(B) Schematic for current flow in the circuit wheretbquare wave signal as shown is applied, where
Relectrolyie2RstRg. When the signal is high, the current is positared Cy is charged. When the
signal is low,Cqy starts discharging and the current becomes negakive arrows in the circuits

show the direction of the current.
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Sl Appendix 11: Pump performance using a close-top channel.

Experiments are conducted using a close-top chamitieithe same dimensions as the one shown in
Fig. S11. Channel 3 is used which the gap betwieemtaphite electrodes is 10 mm, a glass slide is
applied to cover the top of the channel. The chiamnélled with NaOH solution (0.3 mol/L). A
square wave signal (200 Hz, 3. Mwith 2.5 DC offset and 50% duty cycle) is applidlh noticeable
change is observed in the performance of the pamg,a flow rate of 5,400L/min is achieved, as

shown in Fig. S11.

Glass slide edge— .

N\
R T T R AR ¥ ]

Figure S11. Operating the pump using a close-top channel.
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Sl Appendix 12: Schematics of the developed PMM A channels with longer loop length.

Channel 4, length=260 mm

L PMMA channel )

Figure S12. Schematic of the Channel 4, the electrode gdpe at 10 mm and length of the

channel is extended to 260 mm.
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Sl Appendix 13: Pump perfor mance characterization with respect to different duty cycles and

wavefor ms.

B
200 Hz, 5V, , 2.7 mm droplet, 0.3 mol/L NaOH ~ 200 Hz, 5V, 2.7 mm droplet, 0.3 mol/L NaOH

Channel 1 >

?8000 7 -#-Channel 2 '\u? 6000

}6000 i =#-Channel 3 :'3;

= @ 4000

- ©

£ 4000 - z 2000

E 2000 w 0 Channel 3

Channel 2
0 & T T T (_,oi?é 6\53‘ Channei 1
10 30 50 70 90 & &
3 &

Duty cycle (%) K

Figure S13. (A) Plot of flow ratevs duty cycle when a 200 Hz, 5,)Ysquare wave signal is applied,
obtained with a 2.7 mm diameter Galinstan dropie& i0.3 mol/L NaOH solution. For Channels 1
and 2, the flow rate reaches the maximum at thg dutle of 70%, this can be attributed the
oxidation of the downstream hemisphere of the dtophen duty cycle is large, which is similar to
the case when a DC voltage is applied as shownppl8mentary Figure S4. However, for the small
electrode gap design (Channel 3), the pressureréifteAp generated is large due to smadkrens
and the pumping performance is less affected byxiwation of the dropletB) Plot of flow ratevs
wave shape for all three channels when a 200 N, sSquare wave signal is applied, obtained with
a 2.7 mm diameter galinstan droplet in a 0.3 mblAOH solution. At such a condition, square wave

provides the highest flow rate, while the ramp agé gives the smallest flow rate.
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Sl Appendix 14: Flow rate-squar e wave frequency plots for Galinstan droplets with different

diameters.

6000
§4ooo
3
o
22000
e)

0 1 I I 1
1 10 100 1000 10000
Frequency (Hz)

Figure Sl4.a. Plot of flow ratevs square wave frequency, obtained with Galinstarpldte of
different diameters in Channel 3 (10 mm electrodp)dilled with 0.3 mol/L NaOH solution. The
optimised frequency increases from 200 Hz to 50M@¥Hdecreasing the diameter of the droplet form
2.7 mm to 1.7 mm. Obviously, the smaller the swfine faster the electrowetting/de-electrowetting

occurs which results in larger resonance frequencie

For Galinstan droplets with the diameters smallant2.7 mm, there is an additional peak at 50 Hz.
Mechanical oscillation within the reservoir can dleserved for Galinstan droplets with the size
smaller than 2.7 mm within the droplet seat and thay provide mechanical pumping effect, the

size of the reservoir perhaps is responsible ®ftkhi50 Hz resonance.

The shoulder of peaks observed at very low fregesn& 1 Hz) is probably due to the elongation of
the droplet caused by the deformation, as showhign S14.b. This may increase the pressure

difference between the both sides of the droplet.
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Figure S14.b. Deformation of Galinstan droplet when the appligdase signal reaches the peak

voltage (5 V).
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S| Appendix 15; Pump curve

In order to change the pressure drop along thenghawe fabricated a customized gate valve, as
shown in Fig. S15.a. Turning the screw leads toctienging of cross sectional area of the channel

at the location of the screw seat, which in tutrarges the pressure drop.

Aalve

Close-loop channe ' :
’A - : Gate valve
p gL ">

Top cover

Top cover

Height of channel closed
by screw gate

Figure S15.a. Custom-built gate valve to induce desired presdwwps along the channel.

Results are obtained using 0.3 mol/L NaOH solupamped by a Galinstan droplet of 2.7 mm
diameter using a 6 ), and 50% duty cycle with 3 V DC offset square waignal at the
frequencies of 10, 200 and 1000 Hz (Fig. S15.b6AY,., is the maximum operating voltage for
0.3 mol/L NaOH solution without electrolysing thie&rolyte. Simulations are conducted to obtain
the flow rate and pressure drop at each condifitow rates obtained by the simulations have a
good agreement with experimental values. The catledl pump curve is shown in Fig. S15.b-B.
The boundary conditions are adjusted by implemgntinscale factor in Egl in the main
manuscript to represent the influence of appligmhai frequency. In this case, the actual pressure
difference produced by the pump can be obtaineadguaip=Apmax- k(frequency, whereApmax is

obtained by Eql andk(frequency is obtained from Fig. 3C in the main manuscript.
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Figure S15.b. (A) Flow ratevs screw gate position plot, measured values are rmausing 0.3
mol/L NaOH solution pumped by a Galinstan dropléhv2.7 mm diameter using a 6.}, and 50%
duty cycle with 3 V DC offset square wave signatha frequencies of 10, 200 and 1000 HB). (

Calculated pump curve at 10, 200 and 1000 Hz opegréequencies.
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Sl Appendix 16: Pump performance characterization with liquids of high viscosities

The performance of the system for pumping liquitieigh viscosities is investigated. The viscosity
of the working liquid (8.93x16 Ns/nf) is increased by adding DI water to glycerol vitle mixing
ratios ¢/V) of 1:1, 1:3 and 1:9 (water : glycerol) in orderdbtain viscosities of 6.88x£00.0415,
and 0.209 Ns/f respectively. The corresponding viscosity is gilted based on the parameters in
(7) at room temperature. NaOH is added to the wgljeerol solutions to obtain a concentration of
0.3 mol/L. Channel 3 is used, in which the gap leetwthe graphite electrodes is 10 mm. Applying a
square wave signal of 200 Hz, 5y 2.5 V DC offset and 50% duty cycle leads to flates of
4,700, 2,400 and 200 pL/min with water-glycerolusions of 1:1, 1:3 and 1:9 (water : glycerol)
volumetric ratios, respectively (Fig. S16-A). Floate is reduced when the viscosity of the liquid
increases (Fig. S16-B). The results show thatithed metal enabled pump is able to pump liquids,

which are ~230 times more viscous than DI water.

We also investigate the performance of the systanpd@imping a high viscosity liquid, with a high
density of suspended particles. Water-glycerol tsmuwith the mixing ratio of 1:3 (viscosity of
0.0415 Ns/rf) is used, while polystyrene particles of i diameters are added into the solution to
obtain a concentration of 25 mg/mL (correspondmg@x1@ particle/mL). Applying a square wave
signal of 200 Hz, 5 ¥, 2.5 V DC offset and 50% duty cycle, leads toocavfiate of 2,300 pL/min,
which is slightly lower than that of the same solat without particles (Fig. S16-B) (see
Supplementary Movie 8, a droplet of dye is addedhow the pumping direction). This can be
attributed to the increased viscosity of the solutafter adding the particles. The diameter ofifrO

is not an upper limit, but provides confidence tiet pump could be used with suspensions of most

micro-particles of interest.

28



A water : glycerol water : glycerol water : glycerol
1:1 1:3 1:9
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Figure S16. Pumping liquids with high viscosity AJ Sequential snapshots for pumping water-
glycerol solutions with the mixing ratios of 1:1231and 1:9, while the concentration of NaOH is 0.3
mol/L. (B) Plot of the flow raters viscosity for water-glycerol solutions of diffettemixing ratios

with and without polystyrene patrticles.
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Sl Appendix 17: Pump performance characterization with NaCl and PBS buffers.

We investigate the performance of the pump for ponmpNaCl solution as a function of the

frequency and magnitude of the square wave signaledl as the ion concentration of the solution.

Figure S17.a-A shows the variations of flow ratethwrespect to different frequencies. Our
observations demonstrate that the highest flow cite-5,400 pL mift is achieved when the
frequency of the square wave is set to 50 Hz. Coetp#o the NaOH solution, larger voltage
magnitudes are required to achieve similar flokesatith the NaCl solution. At a constant frequency
of 50 Hz, the flow rate increases with increasing tmagnitude of the applied voltage, as shown in
Fig. S17.a-B. No electrolysis of the NaCl solutisobserved for voltages as large as }@ When a

50 Hz square wave is applied (electrolysis is ahigerved for potentials larger than 11,/

The pumping performance is further investigateccbgnging the ion concentration of the solution,

as shown in Fig. S17.a-C. Similar to the pumpingggmance of NaOH solution, the flow rate

becomes saturated when the ion concentration ehitpan 0.4 mol/L.
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Figure S17.a. Pump performance characterization with NaCl smfut(A) Flow ratevs square wave
frequency plot in a 0.3 mol/L NaCl solutiorB)(Flow ratevs square wave ¥, plot in a 0.3 mol/L
NaCl solution. C) Flow ratevs liquid NaCl concentration plot. Results obtainedhwa 2.7 mm

diameter Galinstan droplet, ay2 DC offset is always included to the voltage asignand the duty

cycle of the square wave is 50%.
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Similarly, we investigate the performance of thenpufor pumping PBS buffer as a function of the
frequency and magnitude of the applied signal. Bij7.b-A shows the variations of flow rate with
respect to different frequencies. Two peaks aremies at the frequencies of 1 and 50 Hz, and the
highest flow rate of ~5,900 pL nifris achieved when the frequency of the square ws\aei to

1 Hz. However, the solution cannot be pumped cantisly when such a low frequency signal is
applied and electrolysis of the solution is obsdn@imilar to the base solution (Supplementary
S14), at a low frequency of 1 Hz, the increaselaf frate is probably due to the elongation of the
droplet. For a 50 Hz square wave, no significaetteolysis of the buffer is observed when voltages
as large as 12, are applied (electrolysis observed for voltagegdathan 14 Y,). Increasing the

magnitude of the applied voltage enhances the féde;, as shown in Fig. S17.b-B.
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Figure S17.b. Pump performance characterization with PBS buff&y Flow ratevs square wave
frequency plots. B) Flow ratevs square wave ), plots. Results are obtained with a 2.7 mm
diameter Galinstan droplet, g.y2 DC offset is always included in the voltage sighand the duty

cycle of the square wave is 50%.

We also conduct the ICP-MS test for both NaCl sotuand PBS buffer after 100 pumping cycles to
examine the consumption of the droplet in time @&sddurability. For 0.3 mol/L NaCl solution
pumped with a 10 ¥, 50 Hz square wave, the results indicate thatugaland tin are dissolved at

small rates, with their concentration in solutioerease from 0.17 to 27.5%%nol/L for gallium, and
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from 0.10 to 0.7Gumol/L for tin. Applying the same calculation proced given in Supplementary
S5, the pump is able to work continuously for @ste100 days in NaCl solution. For PBS buffer
pumped with a 12 ¥, 50 Hz square wave, gallium and tin are dissolweith the concentration
increased from 2.36 to 86.9énol/L for gallium, and from 0.09 to 0.28mol/L for tin. Therefore,

the pump is able to work continuously for at l€s&days in PBS buffer.
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Sl Appendix 18: Pumping with microfluidic channels.

In order to test the pump performance in microflesd we scale down the size of the channel and
design a close-loop microchannel, as shown in &i. We place the PDMS microchannel with a
cross section of 240x6Q0n onto a PMMA substrate with a cylindrical dropdeiat of diameter = 2
mm and depth = 2 mm to hold the Galinstan droflegalinstan droplet with a diameter of 2 mm is

placed in the droplet seat.

Under this combination, the cross sectional areth@fcurrent pathA¢uren) is significantly reduced
(approximately 10 times less compared to the lalganel shown in Fig. 1 in the main manuscript).
According to Eql a much larger potential is required to generateugh pressure difference to
pump the liquid. This issue can be resolved by edjray the electrode seats on the PMMA substrate
to enlarge the average current path area (Fig. €188 his increases the average cross-sectional
area of the current path by about 3 times, andifgigntly reduces the magnitude of the voltage

required to perform pumping.

For the close-loop microchannel, applying a squaaee signal (400 Hz, 16\, 8 V DC offset and
50% duty cycle) with NaOH solution (0.3 mol/L) lesatb a flow rate of 7@L/min (Fig S18-D). The
400 Hz signal frequency is chosen since it is ghEmaum frequency for a Galinstan droplet with a 2

mm diameter (see Supplementary S14).
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A PDMS microchannel on PMMA substrate
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Figure S18. Experiments with the close-loop microfluidic syste(A) shows the close-loop PDMS

microchannel system. The overall channel lengbisnm and the gap between the electrodes is 10
mm. The height of the channel is 24®. (B) shows the design of the PMMA substrate, drophet a
electrode seat with 2 mm height are fabricated ldiing the substrate.Q) shows the area in red
dash boxes ofA) and B) after placing the PDMS channel onto the PMMA s¢iadte. The two
subsets show the cross-sectional area along the Anan A. (D) Sequential snapshots for pumping
NaOH solution (0.3 mol/L) in the close-loop micracimel, while a square wave signal (400 Hz, 16
Vo 8 V DC offset and 50% duty cycle) is applied. i@sthn droplet with 2 mm diameteris is used

for pumping and a droplet of dye is used to demratesthe pumping effect. Scale bar is 4 mm.
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