Hydrodynamic Metamaterials Enable Radial Fingering Instabilities of Liquid Metals via Cartesian Topography
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Section III: Calculation details of fractal dimension D
Section IV: Discussion of filling process of liquid metal on pillar arrays

Other supplementary information for this manuscript includes the following:
Videos S1 to S16

[bookmark: OLE_LINK16]Section I: Supporting Videos
Video S1. Fingering patterns of anodic liquid metals (30 mL) on bare substrate (no topographical structures) with applied voltage of 1.75 V, 1 M NaOH solution, circular cathode.
Video S2. Fingering patterns of anodic liquid metals (30 mL) on pillar array (l = s = 200 mm, abbreviated as A200) with applied voltage of 1.75 V, 1 M NaOH solution, circular cathode.
Video S3. Fingering patterns of anodic liquid metals (30 mL) on pit array (l = s = 200 mm, abbreviated as B200) with applied voltage of 1.75 V, 1 M NaOH solution, circular cathode.
Video S4. Fingering patterns of small anodic liquid metal droplets (10 mL) on pillar array with larger square-unit size (l = s = 500 mm, abbreviated as A500) with applied voltage of 1.75 V, 1 M NaOH solution, circular cathode.
Video S5. Fingering patterns of anodic liquid metals (20 mL) on combined pillar arrays (A100 inside/A300 outside) with applied voltage of 3.0 V, 1 M NaOH solution, circular cathode.
Video S6. Fingering patterns of anodic liquid metals (20 mL) on combined pit arrays (B100 up/B300 down) with applied voltage of 1.75 V, 1 M NaOH solution, circular cathode.
Video S7. Fingering patterns of anodic liquid metals (20 mL) on combined pillar and pit arrays (A200 left/B200 right) with applied voltage of 1.75 V, 1 M NaOH solution, circular cathode.
Video S8. Bottom-view of anodic liquid metals (30 mL) on bare substrate (no topographical structures) with applied voltage of 1.75 V, 1 M NaOH solution, circular cathode.
Video S9. Bottom-view of anodic liquid metals (30 mL) on pillar array with applied voltage of 1.75 V, 1 M NaOH solution, circular cathode.
Video S10. Bottom-view of anodic liquid metals (30 mL) on pit array with applied voltage of 1.75 V, 1 M NaOH solution, circular cathode.
Video S11. Bottom-view of formation of slender fingers on pillar array with applied voltage of 1.75 V, 1 M NaOH solution, circular cathode.
Video S12. Fingering patterns of anodic liquid metals (30 mL) on filter paper (pore size of ~ 20 mm) with applied voltage of 1.75 V, 1 M NaOH solution, circular cathode.
Video S13. Fingering patterns of anodic liquid metals (300 mL) on pillar arrays (A300) with applied voltage of 5.0 V, 1 M NaOH solution, point cathode.
Video S14. Fingering patterns of anodic liquid metals (300 mL) on pit arrays (B300) with applied voltage of 5.0 V, 1 M NaOH solution, point cathode.
Video S15. Fingering patterns of anodic liquid metals (300 mL) on combined pit arrays (B100 inside/B500 outside) with applied voltage of 5.0 V, 1 M NaOH solution, point cathode.
Video S16. Fingering patterns of anodic liquid metals (300 mL) on combined pit and pillar arrays (B300 left/A300 right) with applied voltage of 5.0 V, 1 M NaOH solution, point cathode.


Section II: Supporting Figures
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Figure S1. Detailed information of two topographical structures. Each row demonstrates the overall region size, side view and top view illustration, optical images, and SEM images of (a) pillar array, (b) pit array. l = s = 200 mm, l stands for length of square unit and s is for spacing between square units
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[bookmark: _Hlk209533691]Figure S2. Detailed images of fingering instabilities of liquid metal droplets with different topographical structures. (a) Flat glass substrate (i.e., no topographical structures), (b) pillar array, and (c) pit array. All experiments are conducted in 1 M NaOH solution.
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Figure S3. Detailed box-counting plots as a function of time on different topographical structures. (a) t = 1 s; (b) t = 4 s; (c) t = 9 s; (d) t = 13 s; (e) t = 20 s; (f) t = 25 s. The fractal dimension (i.e., Hausdorff dimension)  using a box-counting algorithm, where r is the box size and N is the number of boxes covering the area.
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Figure S4. Flow diagram for fractal dimension calculated by two different methods: (1) the MATLAB code and (2) the MATLAB built-in toolbox: FRACLAB.
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Figure S5. Fractal dimension calculated by two different methods. (a) Calculated by specific MATLAB code. (b) Calculated by MATLAB built-in toolbox: FRACLAB. The calculated fractal dimension demonstrates similar trends with variations in specific value.
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Figure S6. The evolution of fingering instabilities of 30 mL liquid metal droplet on flat glass substrate (i.e., no topographical structures), with applied voltages from 1.0 to 4.0 V. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.
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Figure S7. The evolution of fingering instabilities of 30 mL liquid metal droplet on pillar array, with applied voltages from 1.0 to 4.0 V. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.
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[bookmark: OLE_LINK1]Figure S8. The evolution of fingering instabilities of 30 mL liquid metal droplet on pit array, with applied voltages from 1.0 to 4.0 V. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.
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Figure S9. Fractal dimension of liquid metal droplets (30 mL) on different topographical structures with applied voltages from 1.0 to 4.0 V. (a) Flat substrate (i.e., no topographical structures), (b) pillar array, and (c) pit array. All experiments are conducted in 1 M NaOH solution.

[bookmark: _Hlk194511618]
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Figure S10. Four regimes of fingering instabilities of liquid metal droplets with different volumes and different voltages on flat substrate (i.e., no topographical structures). (a) 10mL, (b) 20 mL, (c) 30 mL, (d) 40 mL, and (e) 50 mL. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.

[image: ]

[bookmark: _Hlk182228431][bookmark: _Hlk184649631]Figure S11. Four regimes of fingering instabilities of liquid metal droplets with different volumes and different voltages on pillar array. (a) 10mL, (b) 20 mL, (c) 30 mL, (d) 40 mL, and (e) 50 mL. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.
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[bookmark: OLE_LINK2]Figure S12. Four regimes of fingering instabilities of liquid metal droplets with different volumes and different voltages on pit array. (a) 10mL, (b) 20 mL, (c) 30 mL, (d) 40 mL, and (e) 50 mL. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.
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Figure S13. Representative images for four regimes of 40 mL liquid metal droplets on PDMS substrates. (a) PDMS/pillar array and (b) PDMS/pit array. Phase diagrams of fingering patterns as a function of potential and volume with (c) PDMS/pillar array, and (d) PDMS/pit array. l = s = 200 mm, l stands for length of square unit and s is for spacing between square units (c.f., Figure S1). All experiments are conducted in 1 M NaOH solution and scale bars are 5 mm.
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Figure S14. The structure illustration of topographical structures with different l/s values from 100 to 300 mm. (a) pillar arrays A100 – 300. (b) pit arrays B100 – 300. The letters A and B stand for pillar and pit arrays, respectively, and the number after the letter is for the size of the l and s (l = s).

[image: ]

Figure S15. Different fingering instabilities of small liquid metal droplets on different pillar arrays (A100 – 500) with applied voltage ranging from 1.50 to 2.0 V. (a) Structure diagram of topographical structures. Time evolution of fingering patterns for small droplets of (b) 10 mL and (c) 20 mL. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.
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Figure S16. Different fingering instabilities of liquid metal droplets (20 mL) on different topographical structures (pillar arrays A100 – 300 and pit arrays B100 – 300) with applied voltage of 1.75 V. (a) Structure diagram of topographical structures and (b) Time evolution of fingering patterns. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.
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[bookmark: _Hlk193383463][bookmark: _Hlk209536241]Figure S17. Different fingering instabilities of liquid metal droplets (20 mL) on different topographical structures (pillar arrays A100 – 300 and pit arrays B100 – 300) with applied voltage of 3.0 V. (a) Structure diagram of topographical structures and (b) Time evolution of fingering patterns. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.
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Figure S18. Phase diagrams of fingering patterns as a function of potential and volume with different topographical structures. (a) Flat substrate (i.e., no topographical structures). (b-f) Pillar arrays A100 – 500. (g-i) Pit arrays B100 – 300.
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Figure S19. Different fingering instabilities of liquid metal droplets (20 mL) with different combinations of topographical structures (A100/300, B100/300, and A200/B200) with applied voltage of 1.75 V. (a) Structure diagram of combinations of topographical structures and (b) Time evolution of fingering patterns. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.
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Figure S20. Different fingering instabilities of liquid metal droplets (20 mL) with different combinations of topographical structures (A100/300, B100/300, and A200/B200) with applied voltage of 3.0 V. (a) Structure diagram of combinations of topographical structures and (b) Time evolution of fingering patterns. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.
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Figure S21. Continuous electrowetting velocity is employed to assess the effect of friction of LM droplets with the same interfacial distribution. The droplets move from anode to cathode with a voltage of 5 V. (a-c) Real time images of droplet position on flat substrate, pillar array A200, and pit array B200 from 0 – 4 s. (d) Statistical data of droplet displacement over time. All experiments are conducted in 1 M NaOH solution with scale bars are 5 mm.
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Figure S22. Illustration of bottom-view imaging by an inverted microscope. The lens is pre-placed at different positions where LM will spread and reach, marked as center, middle, and edge positions.
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Figure S23. Comparison of contact edge between LM and pillars before/after filling the channels between pillars. The focus of microscope is located at the bottom of the pillars; the lens is located at the center position. The higher resolution imaging indicates the filling process.
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Figure S24. Bottom-view images of LM at different positions with different topographical structures. (a) Flat substrate, (b) pillar array, and (c) pit array. Obvious oxides on flat substrate, a filling process of LM into channels with a significant dividing line on pillar array, and high-tension LM on pits with surrounding oxides are observed. All experiments are conducted with 1.75 V voltage in 1 M NaOH solution. All scale bars are 200 mm.
[image: ]

Figure S25. Different control experiments to illustrate the spreading and instability of liquid metal droplets (30 mL) on different substrates. Slowly increasing the voltage to 3.0 V on (a) pillar array A200 and (b) pit array B200. Fingering patterns on filter paper with ~20 mm pores with different voltages of (c) 1.75 V and (d) 3.0 V. All experiments are conducted in 1 M NaOH solution. All scale bars are 5 mm.
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Figure S26. Different fingering instabilities of liquid metal droplets (300 mL) on different topographical structures with applied voltage of 5 V. (a) Flat substrate, (b-f) pillar arrays A100 – 500, and (g-k) pit arrays B100 – 500. All experiments are conducted in 1 M NaOH solution. All scale bars are 1 cm.
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Figure S27. Fractal dimension of liquid metal droplets (300 mL) with applied voltages of 5.0 V. (a) Flat substrate, (b-f) pillar arrays A100 – 500. All experiments are conducted in 1 M NaOH solution.
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Figure S28. Fractal dimension of liquid metal droplets (300 mL) with applied voltages of 5.0 V. (a-e) pit arrays B100 – 500. All experiments are conducted in 1 M NaOH solution.
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Figure S29. Different fingering instabilities of liquid metal droplets (300 mL) on different combinations of A100 and A500 (pillar-pillar type) with applied voltage of 5 V. All experiments are conducted in 1 M NaOH solution. All scale bars are 1 cm.
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Figure S30. Different fingering instabilities of liquid metal droplets (300 mL) on different combinations of B100 and B500 (pit-pit type) with applied voltage of 5 V. All experiments are conducted in 1 M NaOH solution. All scale bars are 1 cm.
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Figure S31. Different fingering instabilities of liquid metal droplets (300 mL) on different combinations of A300 and B300 (pillar-pit type) with applied voltage of 5 V. All experiments are conducted in 1 M NaOH solution. All scale bars are 1 cm.



Section III: Calculation details of fractal dimension D
To quantify the morphology of the fingering patterns, we measure the Hausdorff dimension  using a box-counting algorithm, where r is the box size and N is the number of boxes to cover surface area.[36,50] The variations and final values of D reflect the differing space-filling capacities of LMs controlled by topographical structures. 
The detailed box-counting plots as a function of time on different topographical structures are shown in Figure S3. In this work, MATLAB code is used to calculate D, while the MATLAB built-in toolbox (FRACLAB) is also employed for comparison. A detailed workflow diagram of the two methods is presented in Figure S4. The calculated D values exhibit similar relative trends between substrates, yet the D values from the two methods differ by 0.02 to 0.12 (Figure S5). Given the differences in D values between the different calculation methods, this work focuses on comparing the relative changes in D for different topographical structures rather than emphasizing absolute values.

Section IV: Discussion of filling process of liquid metal on pillar arrays
Figure S22 illustrates the experimental setup of inverted microscope for bottom-view images of LM spreading on substrate at different positions: the center, middle, and edge positions, where the LM is expected to spread.
1) The focus of inverted microscope fixed at the bottom of the pillars
The bottom-view images of LM spreading on pillar array at different positions are shown in Figure S24b. During the spreading, the images demonstrate different local resolutions. For example, for lens located at center position, the image is fuzzy when voltage is off. It turns clear after 4 s when voltage is turned on. For lens located at middle and edge positions, the image for leading edge of LM is fuzzy while the following area is clear, with a clear boundary line. Considering the focus of the inverted microscope is at the bottom of the pillars, as illustrated in Figure S23. We reason that the image is fuzzy when LM is above the pillars, and it turns clear after LM fills the channels. Only when the LM fully fills the space between the pillars, will the contact edge between the LM and pillars be clear in the microscope, as shown in Figure S23.
2) The absence of oxides (wrinkles) at the bottom of LM on pillar array
There are no wrinkles (i.e., oxides) for LM spreading on the pillar arrays. The smooth appearance indicated that the LM has either filled the space or the NaOH has dissolved oxides to help keep LM smooth without filling the space. We compared the different morphology observed on pillar and pit arrays (Figure S24b and c). If LM stays on the pillar top without oxides, the surface of LM cannot be flat due to high density. In other words, the morphology should be similar to that observed on pit arrays, the non-flat surface. It is reasonable to assume that the LM has filled space between the pillars without surface oxides.
image1.jpeg
(b)

24 mm

_
s

remained area

etched area

e

w:ﬁuﬁ&

HEI-E B NN

s

HE'EEEN

> 1 |1«

Pillar array

ww g}

uoiBal |jeJano

MBIA BpIS

Mmain doy

obew jeondo

EEER
EEEEER
EEERED

) TFE
0D
e 1o
EYE

abewn N3S




image2.jpeg
(a) voltage on

Flat substrate @ c'(\),\',)ifj ;
30puLLmp | LMD
175V -
—" 0s
10s 15s 20s 25s 30s 35s
(b)
Pillar array @ C(Jv?feer
LMD @
30 uL LMD
175V 5£m o
5s 7s
c
) ’cop_per
Pit array j Qe
30 uL LMD o @
1.75V
Gl Os

10s 156s




image3.jpeg
(b) (c)

-o- Flat substrate o o

Pillar array \° \O

Pi N
-o- Pit array \o (o)

N ™8
o\o\ \o\o \°\°
o) \0\
t=1s \o‘o~g\ t=4s °‘0=9\ t=9s \g\0~o
0-0 0-0 Yo-0
10° 10 10" 10°( 10° 102 10" 10° (f) 10° 10 10" 10°
N \6\ -o-Flat substrate
-o- Pit array
O, O,
. “o o
\°‘o \0*9\
t=13s ~0: t=20s ~0, t=25s 0,
\O-O \O-O \O-O
10° 10 10" 10°  10° 102 10 10° 10° 102 10 10°

r (Box size) r (Box size) r (Box size)




image4.jpeg
Before the fractal dimension calculation, images need to
be preprocessed to appropriate format and size

fat substrate

Gray format

; 1
! i
1 i
] Modify brightness & contrast; . i
I i
! i
! i
! 1
i i

1 : L
5 Gray threshold setting; !
1 Binii format and Color reverse ;
1 1
] >> threshold=graythresh (x35) ]
| binary_gray_Oindb (35, Shreshold) !
| binary gray 0_doublesdouble (binary gray 0); !
| binary_gray_0_reverse_double=double (~binary_gray _0); i
| I-binary gray 0_reverse double; '
! >> imshow (I) 7 !

>> maxDim = max(size(I))s
newDimSize = 2ceil (10g2 (maxDim)) ;
rowPad = newDimSize - size(I, 1);
colPad = newDimSize - size(I, 2);
I = padarray(I, [rowPad, colPad],
>> imshow(I);

- =y

AB code ] MATLAB built-in toolbox: FRACLAB 1
I ; : = 2 b bocDimon =
i Hausdorff dimensionbya | | — 9 el =
boxing counting algorithm | | St o
1 i Input data name 1 R
| ol s
! D=ty 111 o= e e e
. o 1 I et ke
I 7is box size and N is number | | [ - = == | Compute by
1 B seors s R
I of boxes to cover the area 1 ‘U' —
I e B mm e
: B!
I 10" 1 ! 1
1! 1
| -
. g10° 1! Estimated Box Dimension = 1.56 _Corr Gooff : 099 MaxErr/Amplitude : 9.8% I
2 il |
I 5
. s ! 1
3 il I
] 3 5
] =2 18y !
z 1! s |
1 g
P15 ‘ ‘ ‘ ‘ ‘ 1
| 10° 10 B s - 4
I lutions), log(boxCounts), 1)s ! log2(size) |
10° 10?2 10" 10“| 1 1
K L e e e T e




image5.jpeg
—_
[
~

1.7
£1.61 " 9=g==9
K] (o)d -0—O
@ (o) 00-0
5151 0g0B060000000
£ (o) 09
5 o) ,8°°o° Calculated by
£1.41 g Specific MATLAB code
©
& 1.3 —0— Flat substrate
Pillar array
124 © —0— Pit array
0 5 10 15 20 25

Time (s)

(b)

Fractal dimension

1.74
ANEO00000-0—0
1.6 0806
. 0,00308 00000000000_0——0
o o
1.5
Calculated by
1.44 MATLAB built-in toolbox: FRACLAB
13{ © —o- Flat substrate
Pillar array
1.2 —o- Pit array
0 5 10 15 20 25
Time (s)





image6.jpeg
30 uL LMD, 1 M NaOH, Flat substrate

5% z z | | | |

® © ® ® @ ® ®
1.0V 0s 5mm 055 1s 2s 4s 6s 8s
(b) | { { { { { (

!

c 0 0 o 0 o @
1.25V 05 o 2s 5s 10s 20s 40s 50s
(c) /

¢c ® e o
150V 0s o 3s 6s 10s
(d) 7 ‘

c o & &
175V 0s 5s 10s 15s
(e) ; , . , , 3

- o & K E KR
20V DS S 3s 6s 10s 15s 20s 30s
{f . , , , .

X X X X
225V 0SS mm 2s 4s 6s 8s 10s 15s
{9) / ; ; ; / ;

JE R X E E N
250V 0S 2s 4s 6s 8s 10s 13s
(h) ; 5 y

- 208888
3.0V 08! K 2s 4s 6s 10s 15s 20s
(i | { { { { { {

- O 0 6 b o+ b

(")
350V 05 mm 1s 2s 4s 6s 8s 10s
(J)) ' ' ' $ ' '

- 0 o & ‘4




image7.jpeg
30 pL LMD, 1 M NaOH, pillar array

Os

1.0V

05

1.25V

(c)

{0k 3s

1.5V

(d)

Os

175V

18s

03s 06s 1s 2s 3s 10s

Os

40V




image8.jpeg
30 uL LMD, 1M NaOH, pit array

10s
40s
10s

@
@ )V

o 4

WHREZDPEg o

30s

w
N~

VEHAE s

)omx/n m)mamx%m.)‘m;&“sm|§u{““4‘u
§04|J¢m}*m)ﬁ.m)0z¢2)wzs¢n1°2}ﬂz

!0)6)0;$)J;¢ ‘1‘““

5. 5. 5. o
—o_—® )o ;é /o - 0 ® 9
4 | I 1 i 1
2 w (2] w L2 0 " w i
o o o o o o o o (=}
9 o Tl s el ) el o] B e e Tl o e e 2 e
0 (= 0 w0
B G ~ ] N o N s 1O 2 10
s 5o =g = o 1o 1= G = Vil °S

05s

40V 0SB




image9.jpeg
A~
()

~

©

Fractal dimension

(b)

Fractal dimension

W~
(2]
~

Fractal dimension

Flat substrate

225V 20V, 250V
1.6 3.0V
3.50V
]\ 1.0V 40V
e—eteeee
1.2 v r :
0 3 6 9 0 10 20 30 0 5 10 15 0 3 6 9 0 3 6 9
Time (s) Time (s) Time (s) Time (s) Time (s)
1.8
Pillar array 225V 350V
i T
1.6
- 175V 20V 2 50V
1.50V
14 R S eeee
I\‘T\O‘\‘/\‘_‘ 125V 40V
1.24—4 ;
0 3 6 9 0 10 20 30 4 8 12 16 0 3 6 9
Time (s) Time (s) Time (s) Tlme (s) Time (s)
1.8
Pit array
250V 225V
1.6 f@//
ome-0-0-0—"
14 A iy eV | o
A 1.0V 40V
{‘..._..._._._._, 125V
1.2+ .
0 3 6 9 0 10 20 30 4 8 0 8
Time (s) Time (s) T|me (s) T|me (s) Tlme (s)




image10.jpeg
Regimel 1

T T T I T T TN nEs
(a) 10 uL LMD, 1 M NaOH, flat substrate
075v [ 125V{ 150V 175V 225V 300V 350V
l N :
> N
flatten A
Os 15 " 60s 47 s 40s 30s 10s 6s
(b) 20 uL LMD, 1 M NaOH, flat substrate
1.o?v ) 150V 175y 7 200V / 250V /. 8.00V 3.75
s wy & )
Rk,
Os 085S mm 45s 50s 18 s 35s 10s 6s
(€) 30 L LMD, 1 M NaOH, flat substrate
1.o?v 1 T80V %% 225V 3.00V /1350 VI 4.00V
{ /A (
o @ ¥
->
Os 07S mm 44 s 35s 15s 20s 10's 9s
(d) 40 uL LMD, 1 M NaOH, flat substrate
1.25V TSR SaE A 1 Vi 325N T T BTGV, T BN
¢ @ ok ® ¢
->
Os 06S mm 40s 37s 14 s 20s 10s 9s
(€) 50 L LMD, 1 M NaOH, flat substrate
125V 1.50

conte

1.75 /250 325V S 00 Vs 475V
ok 7“. 'I, S/
Os OS] ‘408 @s 15s 15s 7s 6s




image11.jpeg
Regimel 1

(@) 10,L LMD, 1 M NaOH, pillar array
075v 7125V T/ 450V 175V / 200V / 250V Ve ave
[ g g \ \ ~/
O 5 B
flatten 5
0s 1s Paml 273 30s 30s 19s 6s 6s

(b) 20 uL LMD, 1 M NaOH, pillar arra

075V/ /12sv. / M50V 175V 225V 3.00V 3.25V
y ey / 7
/ / / P
‘ . x % ;
5

Os 06S mm 30s 20s 12s 18 s 6s 8s
(€) 30 uL LMD, 1 M NaOH, pillar array

100/ 125V 1.50 V
/ )

0 4S mm 30s
(d) 40 uL LMD, 1 M NaOH, pillar array

1.0(7/ 1.25 '\( 1.50 V
L 8 )
>

'-(4 b‘
Os 03s mm 30s
(e) 50 uL LMD, 1 M NaOH, pillar array

1.00 125V 1.50V
/ Al
‘p

Bt L ({‘“ 0s

10s





image12.jpeg
Regimel | Regime 11 ! Regime 111 Regime |V
1

(a) 10 uL LMD, 1 M NaOH, pit array

0.75/v / 125V ] 1.50 V 1.75V 2.00V 275V 325V
L] @
->

flatten
0s 1s 52’“ 455 36 6s

(b) 20 L LMD, 1 M NaOH, pit array

0.7Tv l 125V 150v 175V 350V
9
305

Os 15 mem 50s
(€) 30 uL LMD, 1 M NaOH, pit array

1olv 125v 150v4 175v oV 350V 400V]
o "»» 3, Qt\
7s
1ocyv é 125v: 15&’i& 175V 200V
05s = 10s ‘208

053 = 40s
(d) 40 uL LMD, 1 M NaOH, pit array
3.50v§ 450V
s 14s 7s
(e) 50 uL LMD, 1 M NaOH, pit array
1iv & 125V / % 17E ; 2, 400V i 450V i
053 b 10s 20s 12s 8s 9s 7s





image13.jpeg
1.0V 1.75V

Regime 11

Regime 1
(@ ' PDWSIpillagarrdy.

LR 20's
(b) | Pomsipft aray [ 3!
— 05s 33s 20s
(c) (d)
60
I 11 111 v
00000000000
~ 401 00000000 =
= =
) ; 3
B 3‘)0 ALY L g
= i 3
< 204 IXY L) g
‘e0e
PDMS/pillar array
0 T T T T
0 1 2 3 4 5

Voltage (V)

20V

3.0V 4.25\
Regime 11T Regime 1V
break

13s

60
evecccccccoe

40- ;oooooooob/
u ecccoe oo

20- S—
;oooooob

PDMS/pit array

I S N T R B

Voltage (V)




image14.jpeg
(a)

:
:

[

200 um

= 8=

/

300 um

=.§=

/

..l

LN
Slule
HEBE

200 um

==

/

I=s=100 um





image15.jpeg
@

(b)

1.50 V

1.75V

2.0V

(c)

1.50 V

1.75 V

2.0V





image16.jpeg
1s
12s

B300
EEEENR
EEEENR

v
.
o

Os
2s
4s

e
o
|
*

10s

175V
(]
@

(=3
<

1.75V

A300
175V
S

awi]

C)
(b)




image17.jpeg
B300

B200

A200

A300





image18.jpeg
Volume (pL)

11 11 1V

6 LA EA X
Flat substrate

IS
=)

Volume (uL)

meeee

IS
t=}

Volume (uL)

N
=}

20000000000
........‘.
P0000000

2 3 4
Voltage (V)

Voltage (V)

ecee
A200
2 3 4 5
Voltage (V)

‘e0000®

”......‘

XYY Y YY)
coeé cecee
A300 A500
2 3 4 5 2 3 4 2 3 4 5
Voltage (V) Voltage (V)

11
(XYY eccccccccccce
oo
:...9,..
,»ooqi Jeccco0e ; eecccccse
"’..."O 000000 e000000
B100 B200 B300

2 3 4 s 2 34 5 2 3 a4 s
Voltage (V) Voltage (V) Voltage (V)




image19.jpeg
(a)

(b)

Time

I: A100 / A300 11: B100 / B300 |t Az00/B200

1.75vl 1.75vj 1.75VJ 1.75V

175V

[
@

O0s ng Os mm Os mm Os = Os -
2s 3s 1s 2s 2s

4s 6s 15s 4s 4

6s 10s 2s 6s 6

8

2ok o SR S

10s

1




image20.jpeg
— B
o
=]
-
<

—
>

o

©
—
>

o

©
e
>

o

©
B e
>

o

©
—e
>

o

©
—e
>

o

©
a
)

'
o

2s

s B8 v €O

1s

2s

8 a K %

n[‘ ml‘ m!l‘

awi]

&4 K %

10s

10s

—@

22s

16s

15s

12s

17s

12s




image21.jpeg
(a) 30 uL LM, voltage of 5 V (d) 50

A200
(&) —> move —e—B200
e © oee % 40 —e—Flat substrate } }
LM —
5 mm £
Flat substrate -— £ 30+
b a
) R , S 5o
wse © © o © & 51
0s 1s 2s 3s 4s ®
W L ket H 2 10+
A200 — £
(c) BT °
Q i ! e 04
\‘O io ° ° 'b Ql/ T T T T T
| é 0 1 2 3 4




image22.jpeg
T edge position
center position e —
* R ——]
D r ! In--1l middle position
inverted microscope a n




image23.jpeg
(@

Before fill

LM

pillars

lens D

Contact edge is fuzzy

Voltage off

(b)

LM

pillars

lens D

Contact edge is clear

4 s after voltage on




image24.jpeg
(a) (Bare substrate Center position

voltage of 02s N
anodic.copper
LM oxides thick oxides
_-—

Middle position

substrate (U8 2s -
oxides move
9 L &
oxides g 'S
ve 4
—
Edge position
1s
ve - |
—-—

3s
(b) @PiERETED

voltage off 0.1s

oxides

Center position

anodic copper

LM fills channels
Middle position

Os pillars 05s F : 25s
LM being filled
e region = fully filled
- region

Edge position

Me

pillars -

(c) @ERitETED Center position

voltage off 03s

anodic copper

Middl_e position

.

LM on pits (high





image25.jpeg
(@) 30, 1M, 1M NaOH pillar array (A200), slowly increasing voltage to 3.0 v

oV { 10V 1.50 vV 20V 250V
o stabl
5 mm

Os mm 3S

(b)30uLLM, 1M NaOH pit array (B200), slowly increasing voltage to 3.0 V

oV ( 1.0V 1.50 V 2.0V 250V
break
L

Os - 35S

(C) 30 uL LM, 1 M NaOH, filter paper with pore size of ~20 um, 1.75 V

. bh%%ﬁ?ﬁ%

brown partlcles
Rlsiis . ey 0 s ~10s
(d) 30 L LM, 1 M NaOH, filter paper with pore size of ~20 um, 3.0 V

- o aBRBDO®

no break/contract
0s LB 3s 5s 7s 156s





image26.jpeg
300 pL LMD, 1 M NaOH, voltage of 5V, flat substrate

»

4
i Os
(b) A100
(] )
® Os
(c)‘ 7200/
(5]
® Os
(d) ‘A300
® e
® Os
(e& A400)
o
e Os
(A As00/
®
RS
300 uL LMD, 1
(9) B100/
® e"/
® Os
(h& B200 /
B Sa
(i‘ B300)/
=
- Os
(j)‘ B400/|
o
® Os
(k) Bs00/]
® e

e

® 0s

o o8

1cm
—

Is

’ Ig: Igz Is

=
(e}

m

J/
2s

./
1s

/
K

1s

1s
é

1s

¥
05s

-
9
9
P
oe

/w

4s

“

S

i

2s

-
®
e 2
=5
VD

B

300 uL LMD, 1 M NaOH, voltage of 5 V, pillar arrays (A100 - 500)

1 4
®
e 4
=2
e 2

M NaOH, voltage of 5V, pit arrays (B100 -500)

o
3

ks

o
3

s‘ I5

¥

1s
/
1s

J
1s

i

L

1s

1s

2k

¥
e
)
L)
-

{

Sib

d
5s

A
"
D
-2
~J

8s 10s 13s
E |
e e N
4s 5s 6s
{ .. zm’” i
4s 5s 6s
| A
4s 5s 65
i g //5 4/
4s Ssi 6s
3s 4s 5s
’% C el
16s 17s
‘ "ﬁ Ny
3s 4s 5s
(2
3s 4s 5s
B ¢
([ ol o
|
3s| 4s 5s
/ /'/ /
/~0 /~~0/
|
s| 4s 45s





image27.jpeg
Leo] o«
Lo ©
= —_
12 <&
o @
E E
= =
™ ~
Lo o
~ < sy < ~ © 0 <
= = = = = . i -
T Uoisuswip [epel & uoisuswip [eelS
A S
0 0
o Lo
by ~—~
|+ -_
o )
E =
(ol =
™~ Loy
Lo Lo
~ © [ty < ~ © [r:) <
< i < - - - i -
S uosuswip [epely o Uoisuswip [eyely
it © - ©
[
) 5 | o
¢ -4 &
]
;3
e o
‘. H Sl&u\ 4/n|b\
' S| o o
® s & £
< Na

*

f.-’u o o
~ < 0 < ~ ) 0 <
- - i - - = - -
< Uoisuswip [eoeld o uoisuswip [ejoely
< -




image28.jpeg
_—
O
~
fey i
=) ~

Fractal dimension
o

-
I

Time (s)

(a) 17 (b) 1.7
5 5
‘D o>-0-0-% '®
2 1.6 _0-0-0.q.0-¢ | 2 1.6
_?E_J T ‘ %-0-0 .qg) e \.' o
o o
815 £ 15]
[ ]
- B100 = °
= 8 12 =5 2
Time (s) Time (s)
(d)1_7 (e)1.7
=
Re] o
(7] [72]
o 216 o 216
.,o-o. 1o~.—o—"—" .g J o 'L—.-hoﬂ _qé
¢ 2 =
/ %1.5 / %1.5
° = ° =
Baoo | “ Baoo | “
14 1.4
2 4 6 4 6

2
Time (s)





image29.jpeg
;
:

1/

6

i
J\* 4s

(2]
'\m'\m‘\

FEEL

//

4s 6s

Lol
Y

i
1=
£ 8§83

Tk

45‘ 6s





image30.jpeg




image31.jpeg
o 415M st\.@srs
22’\1 E P ﬁ\ i q
\’3 \-3 l \3
RO
/\.' /\u /\{;/
e e 3 ﬂe/

/M i S
2s 3s 4s 45s

—





