ABSTRACT

JOSHIPURA ISHAN DHIREN. Wet and Dry Approaches to Preventing the Adhesion of Soft,
Oxide-coated Liquid Metals for Reconfigurable Electror(idsder the directiof Dr. Michael
D. Dickey).

Roomtemperature liquid metals are a class of materials that uniquely combine low
viscosities of liquids with high conductivities of metals (both electrical and thermal), as well as
being optically reflective. These materials are useficonductors for new platforms of electronics
that may be: softer than skin, flexible or stretchable, as well as reconfigurable. This work studies
the behavior of alloys of gallium (Ga), which possess low melting points (<30° C), low toxicities
(relative to mercury), high surface tension (~400 to 600 mN/m), and are also commercially
available. In addition, alloys of Ga form a thin (~3 nm) surface oxide that alters its interfacial
behavior. Specifically, this esxonamrysufacésiThe e x h
adhesion of the oxide is useful for patterning the metal, yet a challenge for reconfiguring the metal
within confined spaces (i.e., capillaries, microfluidic channels, and cavities). In this work, we study
this adhesion process aatilize it to pattern the metal when useful over conventional techniques
(i.e., lithography) First, we review methods to pattern liquid metals, which we differentiate into
four broad categories: injectidrmased, lithographgnabled, additive, and subtriaet Thereafter,
the main objective of this work is to address the challenge of reconfiguring liquid metals in
confined spaces by preventing oxide adhesion.

One approach to preventing oxide adhesion is to inject water into channels prior to injecting
the Iquid metal. As a result, water forms an interfacial-&iger between the metal and channel
wall. Thereafter, applying voltage to the ends of the channels actuates the metal by creating a
gradient of surface tension along the length of the metal; tfestaé known as continuous

electrowetting (CEW). We study the electrgdrodynamics of CEW effect and determine that



CEW is possible in agueous electrolytes with the oxide present. In addition, we show that non
agueous electrolytes can also enable CEWn@ared to water, neagueous electrolytes absorb

less electromagnetic radiation. As such, we utilize CEW in methanol to demonstrate electrically
reconfigurable filters in the terahertz (THZz) region.

Alternatively, rough surfaces can prevent the adhesiooxmfe-coated liquid metals.
Through contact angle measurements, we show that surface roughness is more important than
surface chemistry for preventing the adhesion. Herein, we show a simple approach to form rough
surfaces via superhydrophobic sp@atirg; we utilize these coatings to actuate liquid metals in
closed channels and demonstrate reconfigurable monopole antennas. Furthermore, we utilize these
rough surfaces to selectively pattern soim traces of liquid metals, which are ogerair and
electrically addressabile.

In addition, we examine the wetting behavior of oxidated liquid metals to flat surfaces,
in comparison to water, using conventional tools that measure contact angles. During these
measurements, the oxide pins to the substrate, vgnalents the drop from truly receding and
subsequently leads to irreversible adhesion. In addition, results from these measutepeards
on whether the oxide ruptures upon contact with the substrate. In comparison to simple fluids such
as water, the oxmlskin complicates the quantitative interpretation of contact angle measurements.

Finally, we provide a brief overview on future directions of research with liquid metals and

a topical highlight on current and future directions for stretchable bioelexgroni



© Copyright 208 by Ishan Dhiren Joshipura

All Rights Reserved



Wet and Dry Approaches to Preventing the Adhesion of Soft, @xadeed Liquid Metals for
Reconfigurable Electronics

by
Ishan Dhiren Joshipura

A dissertatiorsubmitted tahe Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Chemical Engineering

Raleigh, North Carolina

2018

APPROVED BY.

Dr. Michael Dickey Dr. Jacob Adams
Committee Chair

Dr. Orlin Velev Dr. Peter Fedkiw



DEDICATION

To my parents, Dhiren and Smita Joshipura, whose hard work, sacrifice, endless support and

love made this opportunity possible.

This thesis is in loving memory of Dadi, Dada, and Pappaji. Your sacrifices, support, forward
thinking attitude allowed us to live in the US and pursue higher education. You are not with us

today but we remember you daily.



BIOGRAPHY

Ishan Dhiren Joshipa was born in Ahmedabad, Gujarat, Indidot semarid climateto
parents Dhiren and Smita Joshipura. In 1998, his famihgigrated to the United State&fter a
brief stay ina humid, subtropical climate in Richmond, Viahan gew up in Phoenix, AZa hot
dessert climate part of the Sonoran Dedshanattended the University of Arizona in Tucson,
AZ for baccalaureate studjellowing the footsteps of his elder sister, Keta Panéitthe
University of Arizona, Ishan participated in reseavath Prof. Anthony Muscat on thifilm
deposition for inorganic solar cells and Prof. Paul Blowers on environmental modeling of dry
cleaning systems through NASA Space Grant. Upon graduating from the University of Arizona
with a BS in Chemical EngineerinBécember 2012¢um laudg, he pursued graduate studies
chemical engineeringt North Carolina State Urersity in Raleigh, NC, which is a humid,
subtropical climateUnder the guidancef Prof. Michael DickeyJshan studied liquid metals for
flexible, stetchable, and reconfigurable electrania 2015, Ishan received an MS in Chemical
Engineering from NC State University and completed an internship at MIT Lincoln Laboratories
working on microfluidic technologies with Dr. Jacob Kedzierski. At NC Sthtkan also
participated in the Preparing the Professoriate Fellowship witmérgorshipof Prof. Matthew
Cooper and Prof. Lisa Bullartlpon graduating frolNC State University, manifest destiny will
guide Ishan to the Bay Area in California, a Meditee@n climateThere, Ishan will begin his

professional career aspostdoctoral researcher adlwrence Livermore National Laboratory.



ACKNOWLEDGMENTS

The support of many people, from both personal and professional aspects, has allowed me
to both pursuand attain a PhD. | cannot possible thank everyone that has helped me in achieving
a PhD. Nevertheless, | would like to acknowledge several whom have played a crucial role.
Mummy, Pappa, Keta, PartiThank you for the sacrifices you have made that allomedto
pursue higher education. Your constant encouragement, endless support, and dauggdeme
through my trials and tribulations. Thank you for your patience with me as | learned lessons the
hard way. Each of you are wonderful rof®dels and amgrateful beyond wordfor everything
you have providedmé. st i |l |l candot afford (at | east) two
Eira: You instilled joy and hope into my life since the day you started kicking your feet. Your
boundless spirit and positivity allowed our famity get through difficult times. Dhingloo, keep
dancing, singing and learning/anna gdo Yellowstone!?

Aruna Foi and Digant Fual am so grateful for your endless support, kindness, and love that has
allowed me and so many others to live and pursue tpptes in the US.

Dr. Michael Dickey| am privileged to be your student. | am blessed to have your constant support,
kindness, encouragement, enthusiasm, stream of ideas, and optimism. Thank you also for your
patience with me as | learned to be botletids researcher and person. | am so appreciative of you

for providing me with countless opportunities both within and outside our lab. Dgepitdest

efforts withteaching me to write, | am unable to fully and properly articulate my gratitude towards
you. It has been an opportunity of a lifetime to be in your group. | am forever gréoefybur

guidance and friendship.



| would like to thank Dr. Michael Dickey, Dr. Orlin Velev, Dr. Glenn Walker, Dr. Peter
Fedkiw, and Dr. Jacob Adam$or serving on mythesis committee. Thank you for your
encouragement, helpful feedback, and guidance over the last 5 years.
Dr. Matthew CooperThank you so much for stopping me in the hallway during Summer 2016
and offering to be my teaching mentor. The next year andéeadfme an opportunity of a lifetime.
| learned so much from you regarding the teaching profession, life, and baseball. | am so grateful
for your mentorship and friendship.
Dr. Bullard: Thank you for the opportunities to TA for 205 (twice), yamcouragement, and
warmth. | admire your positivity, professional spirit, and drive to educate and mentor students.
Dr. Abolhasani Dr. Hsiao, and Dr. San MigueThank you for being supportive, sharing ideas,
andfor your patienceas we navigate@HE 205.
Dr. Genzer:Your positive nature, sense of humor, and encouragement guided me through difficult
periods of graduate school (via LASER, of course). Through our interactions, you cultivated a
curiosity about science (interfacial behavior, softemats, and carotenoids), and perhaps most
importantly provided me with inner confidence.
Dr. Velev Thank you for kind attitude, enthusiasm, support with academic and professional
pursuits, teaching me about colloids and interfacial science, and as wellranspirational work.
Dr. Adams:Thank you for providing me opportunities to work on interdisciplinary topics. | am
grateful for your guidance, support, and patience over last few years.
Dr. Kiani: Thanks for patiently teaching all of us electrochémiand for being so kind.
ToCBE StaffSandr a Bail ey, Joan O6Sullivan, Mi ke Ma

Michelle Bunce, Kathleen Berding, and Amy Alexander. | often came to your offices in with



confusion, doubt, and stress and left feelintjdseand with more certainty. Thank you so much
for the countless times you helped me and doing so witbnuatj kindness, and positivity.

AIF Staff Thanks to Chuck Mooney and Elaine Zhou of AIF for all their help with SEM and TOF
SIMS measurements, resgively. This work would have been possible without your support and
advice.

| also would like to thank the following people for their help with various professional
development programs | participated at NC State. Casey Boutwell, Elemy ¥ad Ember
Melcher of ASSIST Center, Jason Cramer of the Graduate School, as well as the PTP Program.
Thanks all for your advice and encouragement that provided me with @aowetled learning
experience at NC State.

Dean Peter HarriesThank you for the opportunitptparticipate in the PTP program. | appreciate
your wisdom and guidance regarding academia, and your pceititeele.

Dickey Group:l want to thankDickey Group Memberspast and present, for their collegiality,
support, and friendshiplearnedsomdt f r om al |l t he group members
it without your support and friendshiollin Eaker| am so grateful for your mentorship, patience,
and friendship. | am grateful for trseipportand comradery provided by Dishit Parekh, Yiliang
Lin, Amber Hubbard, Taylor Neumann, Minyung Song, Tim Si&ollin Ladd, Gilbert Castillo,
Duncan DavisDan Armstrong, Ying Liu, Kunal Mondal, Sungjune Pa€kral ArutselvanCollin

Ladd, Yang Jin, DanieMorales, Russ Mailen, Farzard Rezai, Mohammed Mohammed, and
Rashed Khan. Dishit, Yiliang, Amber, Taylor, Minyung, Tim, and Gilbedamlso gratefulfor

your friendship, kindness, arglipportthat extends beyond the labalso want to thank the
undergradate students who worked with me in the lab: Hudson Ayers, Alex Hsain, Alex Johnson,

Michael Larkins, Chujun Ni, Mohanad Alsafatwi, Alex Persson, Daehong Kim, Yubo Ouyang,

Vi



Ethan StrubingerCasey Hillenburg)Yash Patil,and Chris Cooper, for your enthusigshard
work, dedication, and patiencall of you taught and inspired mme as much as | (hopefully)
taught you.

| also would like to thank my collaborators for making the research so meaningful. Thanks
for Dr. Chris Tabor for providing me and others tpportunity to pursue reconfigurable liquid
metals! Thanks to the rest of the AFRIricinnatiteam: Prof. Jason Heikenfeld, Sarah Holcomb,
Alex Watson, and Nahid llyas. Thanks to Vivek Bharambe for patiently explaining me
electromagnetics, hard work, asdnse of humor. Thank you Kim ReicHel your curiosity,
positivity, and enthusiasm; an unexpected collaboration led to a great friendship! Thank you to
Shiyang Tang for being an inspirational role model, collaborator, and friend. Working with you
all on interdisciplinary topics was invigorating and enriched my graduate experiemedly,
thanks to Prof. Carmel Majidi and Prof. Darren Lipomi for providing feedback and patiently
editing my writing for the minreviews. It was a pleasure to work with youl,atravel to
conferences, and become friends!
Cent enni al :Thark gou forabsing @ supportive and enthusiastic group, particularly
Robin Boudwin, Roger Margaery, Chuck Gaisel, Andrea Sato, Dave Warner, and Robert Blaser.
| learned so much ancimed seHconfidence fronT 0 a s t maweilltmess tisclub very much.
2009 Firth of Tayway. AnurodhTripahi, Devangana Triptahi, Rohan Patil (4.0), Prajesh Adhikari
(20 and counting), Ankit Chandra, and Kruti Suchde. | hold dear the memories weBnad@an
motion, bottorrup and topdown processes, yafldousecleaning, BBQs on the deck, settlements
in living room, food we made in the kitchdajled gardeninginventions in garage, scary stories
in the laundry room, and many more. Thank you forryoandship, patience, and suppatope

for many Adebutso for years to come.

Vil



| am so grateful to friends that made my time in Raleigh special meaningful provided
support through difficult times. Ryan R. Barton, Ph.D., Ph.D., Jennifer A. Clark (tyadarius
and Suzette Rutkevicius, Admiral Matthew Melillo, Shreya Erramilli, Joe and Deepti Tilly, David
Chang, Chris Zhou, Amit Mishra, Jess Yano, Sangchul Roh, Adai8hennie Quintanilla, Jason
CoffmanCl ear eyes, Ful),NastktledaribalsSTP Bharad@dja, Ryan $eenay,
Jenny Ovental, Eric Stevens, Mariah and Dex King, Kevin and Brittany Mefitearsy Nguyen,
Jonathan Tortensen, Dikran Kesal, Dan and Jenna Armstrong, Marty and Margaret Dufficy, Paul
Lemaire, Mack GeigeZach MundyRyan Dudek, Dilara SeRachel Nye, Victoria Karakis, Dan
Jackson, and Emily KrzystowczyKour friendship made me look f@ard to coming to EB1 every
day and to Trophy Brewing on some days instead

Finally, thanks to fri enidpersedacmss many dimadies h o me
that helped me get through graduate school: Nimish and Sarika Sheth, Adam Olsbansgky,
Olshansky, Dan QuachHillary Vance,Mohan Narayananilex Tiplea, Ben Andersori\abila

Hugq, Alex Harris, Jon Yang, Teresa Cove, HeaRogan, and Sarah Dischinger

viii



TABLE OF CONTENT S

LIST OF TABLES ...ttt ceeei ettt ettt e e e e e e emmmte et e e e aaaaaeaeeaeaesessssmmneaeaeaeessseannnns Xi
LIST OF FIGURES ... .ottt eena bbbttt et e e e e e s enmte e e e e e e e e aa s Xii
Chapter 1 Methods to Pattern Liquid Metals..............cccooiiiiiiiiiiem e 1
N 013 = o PP PPPPPPP 2
Why pattern lIquid MELalS?........oooi e e e e e e e e e s e 2
How to pick a liquid mMetal? ........ccooeeiiii e 4
L@ Y= T S PSRRRRRN 6
Patterning techniques for liquid metal.............cooooiiiiiiiiiieee e 7
Lithographyenabled patterning.............coooiiiiiimmmn e 7
]S 1 1o o P 9
YU ] o= ox 1Y SR 11
Yo [0 11 (YT USSR 12
Current challenges and opportunities with Gabased liquid metals...............cccccceeeennnee 14
L@ 111 0T | PP 17
F o LoV =T0 [o =T o 1= o | £ PUTRRRR 17
List of Supplemental FIQUIES.........oiiiiiiiiie e e 18
RETEIEINCES. ..o ettt e enes bbbttt et e e e e e e e e e e e s 21
Chapter 2 Wet Approach: Electro-hydrodynamics of Continuous Electrowetting............ 24
Y 0153 = Lo PP PPPPPPP 25
oo [¥ o 1o o U 25
Electrochemical Impedance Spectroscopy (EIS)........cooovvimiiiiiiee e 28
TS U 29
Characterizing the displacement of dropS..........oovvviiiiiiiccseee e, 29
Reconfigurable Terahertz Waveguides..........ccccooiiiiiieeciiiii e 36
Electrochemical impedance spectroscopy (EIS)..........oovveiiiiiicccriieeeeecece e 37
Equivalent circuit modeling...........ooooiiiiiiiiiieen e A
ConclusioNs and FULUIE WOTK...........uuuuiiiiiiiiiiieeeiiiiiiieeeeiee e e e e e e e e e e esmre e e e e e e e e e e e e e e e e e 50
ACKNOWIEAGEIMENTS ... eeeee bbb e e 51
RETEIENCES. ... et a e e e e 52
Chapter 3 Dry Approach: Patterning and Reversible Actuation of Liquid Gallium Alloys
by Preventing Adhesion on Rough SUrface...............uuvieiiiiiiccceeecee e 54
Y 011 7> Vo SRR 55
o To [¥ox 1o o PP 55
EXPEriMENTAl DESIGN ...ttt ettt ettt e e e e e e e e est e e e e e e e e e e e e e e e e e e nnne e e e e e 58
RESUIES. .. e et e e e e e e e et et et et aneae e e e e e e e e et e e e et eeatbann s nnn s 60
Composition and Morphology of NeVErWeL.............uuuuiiiiiiiieeeiiiiiiiiiiieeeeee e 67
Y o o] o> 1[0 o PSPPI 12
oV (=] 11 o PP PRSP PPPUPPPRPPPPPR 12
Reversible actuation inside closed channels.............cc e 74
Reconfigurable monopole antenna..........ccccooviiiiiieecii e 76
(@] 3 Tod 0110 o 1 PP PPPPPPPPPPPPPPRPRR 7
ACKNOWIBUAGEIMENTS ...t ettt e e e et e e e e e e e s emme e e e e e e eeeeas 78



(R (] (=] 1o ST TSR 80

Chapter 4 Are Contact Angle Measurements Useful for Oxid€oated Liquid Metals?....84
N 013 1= o PP PPPPPPP 85
oo [¥ox 1o o I PR 85

Oxi de 6Skinod .of.. . .Li.gui.d.. . Met.a.l.Soiiiiiieennnnn. 86
Conventional Contact Angle MEaSUIeMENLS............uuuuurrriiiieeeiiiiiieeeeieeeeeeeeeeeeseeemeeens 89
Sliding angle MEASUIEMENLS. .......uuiiiii e e e e e ceeeire e e e e e e e e e e e reee e e e e e e e e eeeeeeeenanrannaan ) 91
RESUIES. .. s e e erre e s e e e e e e e e e e e e e e e et annaeeaeeeeeaeeeeeeeeetrrnnn s nnn s 92
Dynamic contact angle MeaSUIrEMENLS. .........uuuuuiiii i ceeereieisrs e e e e e e e e e e e e e eneer e e e e aeeeeeas 92
Dynamic contact angle measurements: Advancing measurements...................ee... 93
Dynamic contact angle measurements: Receding measurements................cceeee..... 96
OXide SPIdEFWED PALIEINS......cooi it irr e eeene e e e e e e e e e eeeeeeenn 101
Sliding aNgle MEASUIEMENLS. ... ...uuiiiiie e e e e e e ceeeer e e e e e e e e e e e e e e eeeer s e e e e e e e e eaaeeeeeeaaennn 104
3 o U 71 o] o R RSRPR 107
(@0 [ox 11 5] o] o TP PRSP PPPPPRPUPPPPPPR 110
ACKNOWIEAGEMENTS ..o eeene e e e 111
RETEIENCES. ....ceiiiiieee ettt eenes bbbttt e e e e e e e e e as 112

Chapter 5 Stretchable bioelectronicd current and fUtUre ...........ccccociiiiiiiiieenen. 116
Y 4153 = Lo PP PPPPRP 117
oo [¥ o 1o o S 117
Materials and MECNANICS. ........uuuiiiiiiiiiiiiii e nne s 123
Y0 ] 8 0] 01 ] oSSR 126
Outlook and future ChallENQES..........cooeeeiiie e e e e e e 128

BiologiCal INTEGratiON.........cooiiiiiiii et ee e eeeere e 128
Materials and MECNANICS ... ...uuiiiiiiiiiiii e eeeas 129
0 1T PPN 129
Creating realvorld SOIULION.............uuiiiiiee e eeer e e e, 130
(@0 o T0d 1101 10 o 1 PP UPURRRR 130
ACKNOWIEAGEMENTS ...ttt eeeer e s e e e e e e e e e e e e et et nnaeeaeeeeeees 131
] (=T (=] o =S 133

Chapter 6 Conclusions and FUture WOrkK..........ccccooeeiiiiiiiiiiieeeii e 138

APPENDICES. . ... ..ottt e ee et e et e e s eeess e e e e et e aaaaaaeaeaeeeeesammmeaeaeeaeaaeaeaeaaaans 140

Appendix A Supporting Information for Chapter 2 ..., 141

Appendix B Supporting Information for Chapter 3 ... 151

Appendix C Supporting Information for Chapter 4 ..., 160



LIST OF TABLES

Table 2-1: Ratios of displacement and velocity of NaOH to NaF for 0avid 2.0 4, at
0.5HZ, L.OHZ, @nd 3.0 HZu...ooeiiiiiiiiiiiiee e 33

Table A-1: Solution resistance values for Cu, W, and Pt electrodes. Solution resistance
values for Cu, W, and Pt electrodes were measured using EIS of aapdkssy
filled with an electrolyte (1 M NaOH and 1 M NaF). Tabulated values are
impedance values at 100 KHz.............ccoooiiiiiiee e 142

Table A-2: Displacement and velocity comparistmn 1 M NaOH for change in voltage
(Voltage Ratio) at 0.5 Hz, 1.0 Hz, and 1 HzZ.........ccooovviiiiiiiiieeeciccieee e, 143

Table A-3: Displacement and velocity ratios for 1 M NaF for changes in vel(slgltage
Ratio) at 0.5 Hz, 1.0 Hz, and 1 HzZ............oiiiiiiiii e eeeeveeeee 143

Table A-4: Displacement and velocity ratios for changes in frequency (Frequency Ratio) for
I MNaOH at 1.0 V ath 2.0 V...ooiiiiiiiieiiiee ettt eeme e 143

Table A-5: Displacement and velocity ratios for changes in frequency (Frequency Ratio) for
IMNaF at 1.0V @nd 2.0 V. ..o e 144

Table A-6: Model parameters for 1.6 cm EGaln plug in 1 M NaOH. Standard deviations are
from model fits of 100 Iterations.............ooevveiiivvimimmreeeeeeeeeiiiie e eeeeeenneees 149

Table A-7: Model parameters for 3.6 cm EGaln plug in 1 M NaOH. Standard deviations are
from model fits of 100 iterations. Model parameters for 3.6 cm EGaln plug in 1
M NaOH. Standard deviations are from model fits of t&tions.................... 150

Table C-1: Effect of flow rate on advancing and receding contact angles for DI water on
silanetreated glass. Average and standard deviation vaheeggrovided of three
experimental trials. Total average and standard deviation values are of the
average values for all flow rates.............coooviiiiiiieee e 162

Table C-2: Effect of flowrate on advancing and receding contact angles for EGaln on glass
and silandreated glass. Average and standard deviation values are provided of
three experimental trials. Total average and standard deviation values are of the
average values for all flovates..............coooriiiiiiiiiie e 163

Xi



Figure 1-1:

Figure 1-2:

Figure 1-3:

Figure 1-4:

Figure 1-5:

Figure 1-6:

Figure 1-7:

Figure 1-8:

Figure 1-9:

LIST OF FIGURES

Overview of liquid metals. Gallium and its alloys forrswaface oxide, which
allows them to be micekmoldablé?. The oxide enables several patterning
techniques, including direstrite (as shown above) and potential applicafi®ns
19 Figure from Liquid Metals adapted from Ref. 14. Copyright Wiley 2011.
Figurefrom Applications (i) adapted from Ref. 16. Copyright Wiley 2011.
Figure from Applications (iv) reprinted with permission from Ref. 19. Copyright
Applied Physics Letters, AIP Publishing LLC.........ooooviiiiiie 4

Lithographyenabled techniques allow for high resolution patterning of liquid
metals, such as imprint lithograpgyFigures adapted from Ref. 22. Copyright
WIIBY 2004......eeeee ettt ettt et e e emme e e et e e e e e e e ab e e eennr e e e e e e nnees 7

Injection is a versatile technique for embedding two and tlireension metal
structures in elastomers. (i) Photolithographyamid prototyping creates an
elastomeric topographical mold. An additional layer of elastomer seals the
replica mold. Inlet and outle holes are punched. (ii) A syringe (not pictured)
injects liquid metal into the void space of the elastomer. (iii) Ailllexand
stretchable dipole antenna made by injecting EGaln into PDMS.................... 9

Direct laser patterning (i, and¥creates traces of liquid metals and other soft
conductors in a rapid, subtractive, and inexpensive fashion. Meanwhile,
6recapil | arSsdegtidely (vithdraws liqudnektals from

microfluidic channels by localized electrochemical reductiotihefoxide layer.
Figures adapted from Refs. 55 and 56. Copyright Wiley 2015...................... 11

Additive patterning techniques producee standing 3D structures®f)and
conformal 2D (ii, and ii)’. Scale bar on (ii) is 5 mm. Figure (i) adapted from
Ref. 50. Copyright Wiley 2013. Figures (i) and (ii), adapted from Ref. 57.
Copyright Wiley 2014.........ccoooiieeeeeeeee e 12

Unlike most liquids, planar thin films of EGaln are difficult to produce using
spin coating due to its high surface tension and surface oxide, whissdie
metal to flow along paths where the oxide yields..........ccccoveeeiiiieeccccciiieeee. 18

Method for patterning Galinstan with selective surfaegting. Figure adapted
from Ref. 23. Copyright Wiley 2013..........cccoiiiiiiiiiei et 18

Method for molding EGaln using vacuum filling and zeecasting. Figure
adapted from Ref. 54 with permission from The Royal Society of Chemistryl9

Dropletby-dropletnCP with EGaln. (i) Process stepdip PDMS tip into pool

of EGaln,?retract tip,’move wetted tip to substratiress tip into substrate to
deposit EGaln droplet; (ii) 34®m diameter droplets; (iii) solid lines produced
by spacing droplets 20@m apart Adapted with permission from Ref. 63.
Copyright 2013 American Chemical SOCIety...........cuuvvvvriniiicccreeeeeeeeinnn 19

Xii



Figure 1-10: Traditional spreading techniqude not allow for smooth thin films of EGaln
(a). Inspection under an optical microscope (b) shows a thin bedmtorm
coating of EGaln. The sample is bdikwith light. If the film was uniform, it
would not be possible to see through the film, bis #pparent that light travels
through the films suggesting the thickness is not uniform. Scale bar on (b) is 1

Figure 2-1: Schematic of CEW using EGaln. A gray border around the metal plug (black)
indicates the presence of an oxide skin. Applying a voltage (V) at the end of the
capillaries creates a surface tension (09
rightsided t he plug i s shown t or)thaathelefta hi gher
s i dig Accardingly, the metal moves to the left (from high to low surface
14101530 ) PSP 27

Figure 2-2: (a) Plot of a sinusoidal waveform of voltage (red) and current (blue) over time.
The current and voltage are out of phase
diagrams for EIS measurements, adapted fromatitee?’...................ccocevreveeee. 28

Figure 2-3: (a) Position of the center of a liquid metal plug (1.0 cm to 1.5 in length) over
time in response to an AC voltage (1 Hz, square wave). The gokes the
position in 1 M NaOH (blue) and 1 M NaF (red) for 3,¥squares) and 2py
(circles). Error bars indicate standard deviations of 3 trials. (b) Column groups of
mean displacement of the metal plug for 1 M NaOH (blue, solid) and 1 M NaF
(red withdiagonal checks) for three frequencies (0.5 Hz, 1 Hz, and 3 Hz) at 1
Vppand 2 \pp. () Average velocity for 1 M NaOH (blue, solid) and 1 M NaF
(red with diagonal checks) for three frequencies (0.5 Hz, 1 Hz, and 3 Hz) at 1
V/PPANGA 2 VB ittt ettt ettt e e e e e e e e e e e et amme e e e e e e e e e 31

Figure 2-4: Droplet splitting of an EGaln plug in 1 M NaF when 0.2 gV (sine wave)
with 1 Vpc bias is applied. Scale baris 1 mm.........cccoovviiiiiiiiiccs 34

Figure 2-5: Reconfigurable THz Waveguide. (a and b) Incident view of setup. THz
waveguide sandwiches an quartz capillary filled wifiug of liquid metal
(Galinstan, 8 mm, in length) in 1.75 M NaOH in MeOH. Applying an AC
voltage (4 \bp, 2 Hz, square wave) actuates the liquid metal in (a) and out (b) of
the waveguide. (c) Data transmission measurements out of Port 3 of bottom
wave guideWhen liquid metal is in path of waveguide (configuration in (a)),
THz signal is blocked (red line on (c)). When metal is outside the path of the
waveguide (configuration in (b)), THz signal couples through Port 3 (black
curve). Inset shows finite elemanbdeling of THz transport through waveguide
at 165 GHz. Figure adapted from literateffe............ccooveveeeereeee e 36

Figure 2-6: EIS Measurements with and without metal plug. (a and b) Bode plot showing
spectra of impedance (a) and phase angle (b) from 1 GHz to 1 Hz. Black curve is
of electrolyte only (no metal plug capillary). Red curve is impedance of CEW
system with a plug legth of 1.2 cm, which shows a resonance near 15 Hz. (c)
Corresponding Nyquist diagram plotting negative of the imaginary component

Xiii



of impedancei(Zimag Y-axis) vs. real component of impedanced¥ Black

curve is of electrolyte only (no metal plug irpd&ary). Red curve is spectra of
CEW system with a plug length of 1.2 cm, which shows an inductive loop at the
corresponding frequency of the resonance in (a and.D)............ccccceiiiiaennnnns 38

Figure 2-7: EIS spectra with and without oxide. Data points with squares are of electrolyte
only (no metal plugn capillary, blue for 100 mM NaCl and red for 1 M NaOH).
Data points with circles are of CEW systenuébfor 1.4 cm plug in 200 mM
NaCl and red for 1.2 cm in 1 M NaOH). (a and b) Bode plot showing spectra of
impedance (a) and phase angle (b) from 1 GHz to 1 Hz. A resonance appears
only for 1 M NaOH in both impedance (a) and phase angle (b). (c)
Correspondig Nyquist diagram plotting negative of the imaginary component
of impedancei(Zimag y-axis) vs. real component of impedance{¥ An
inductive loop appears only for 1 M NaOH (red, circle) corresponding frequency
of the resonance iN (& and D)-........ccuuuiiiiiiiii e 43

Figure 2-8: a) Schematic of CEW system with EGaln in capillary filled with electrolyte
(top). The proposed equivalent circuit model for CEW with EGaln (bott¢h
Bode (top) and Nyquist (bottom) diagrams of experimental data points for a plug
of 1.6 cm with model fitting-..........ccuuuiiiiiiii e 44

Figure 2-9: Bode (left) and Nyquist (right) diagrams of experimental data points for a plug
of 1.6 cm with model fits of Control Model (CPE element with no Inductor
element, a and b) and Warburg model (Warburg unit replacing CPE element,
Inductor element included,and d)........ccoooeveeieiiiiiiiieee e 46

Figure 2-10: Estimating sliplayer thickness (a) Schematic of cylindrical annulus used to
model slipl ay er (mip)a,r i(sbo)n @of UG (nm) and plug |
SEIVES S @ QUILB...uuuuieiei i i e e e e et e et eeee e e e e e e e e e e e ———— s 49

Figure 3-1: Dynamic contact angle measurements ores@s of interest. For dynamic
contact angle experiments (left column), a drop of liquid metal contacts on
surfaces of interest ((a) Glass, (c) FluoroPel, and (e) NeverWet). The advancing
contact angle of the drop is measured as the drop first increassarnme. Upon
receding the drop, oxide residue remains on the surface of glass and FluoroPel.
Meanwhile, no oxide residue is present on the surface of NeverWet. The right
column (b, d, and f) show representative graphs of the evolution of contact angle
of EGaln and DI water over time, which is normalized to scale all experiments.
On (b, d, and f), a red star (*) indicates the beginning of the withdrawal of the
volume (i.e., volume of the drop decreases). (b) On Glass, EGaln initially
increases in contact aegas volume is increased. Upon decreasing the volume
(indicated by a red star), the contact angle initially decreases but never reaches
an equilibrium value. (d) Simildvehavior is observed for EGaln on FluoroPel
(o] F= ot ol {0 ST 1 1 F= T PPN 61

Figure 3-2: EGaln on rough, hydrophilic surfaces. (a) Water wetting on NeverWet treated
with O, plasma for one minute at 10Q86wer, (b) A drop of EGaln advancing
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Figure 3-3:

Figure 3-4:

Figure 3-5:

Figure 3-6:

on NeverWet treated withAplasma. (c) After contact angle measurements,

EGaln drop does not leave behind residue on on NeverWet treated.with O

plasma. (d) Diagram and optical micrograph of square posts-&f fabricated
usingdirectwr i t € photoli thography. Each squar
spacing of 200 em bet we edapspeghetdgaphsal al |
water wicking into square posts. (f) (top) EGain advancing on square posts of

SU-8. (botbm) After contact angle measurements, drop of EGaln does not leave
behind oxide residue 0N the POSLS.........ccooviiiiiiiiiiccc e 65

e
d

Surface morphogy and roughness of NeverWet. (a) Scanning electron

micrograph (SEM) of NeverWet coating at $5@agnification. Scale bar is 300

em. (b) SEM of Never Wet @&} Thamitraggdher magn
in (b) is a select region of SEM in (a), markgdba whi te box. Scale
Both SEM micrographs (a, b) measure secondary electron emissions using an
EverhartThornley dector on a FEI Verios 460L SEM, which operated at 2.0 kV,

6.3 pA, and no stage bias. Samples are tilted ‘atdbdbserve the roughness at a

glancing angle and were imaged without a coating of metalliefilivin (c) A

representative line scan of contaobde profilometer of NeverWet. Inset shows

statistical values of average roughness and RMS roughness frosedive (d)

TEM of silica particles that comprise the NeverWet, Step 2 spray (JEOLF 2010F

TEM) operating at 200 KV).......oooviiiiiiiiiie s s e e e e e e e e s eneer e e e e e e eaaaaaea) 67

Chemical composition of surface and surface NeverWet. (a) Fourier

transform infrared spectroscopy in attenuated reflection mode (RTH of a
sample of NeverWet. The scan in black line is of NeverWet Step 1 spray
(binder). The red scan indicatesvge\Net coating consisting of both Step 1 and
Step 2. (Step 1 + Step 2) The blue line is a subtraction of Step 1 and Step 1+2.
Two green drop lines indicate the FTIR peaks fe€Hgand SiO moieties. (b)
X-ray photoelectron spectroscopy of NeverWet witlipys corresponding to
peaks of O 1S, C 1S, and Si 2P.....uuuuuiiiiiieii e eeeeee e 70

Schematic of a method to patterning liquid metal againstface of NeverWet.

(i) Schematic of a molded elastomer (using either a laser writer or
photolithography). Holes punched in the elastomer serve as inlet and outlet for
the liquid metal. (ii) Next, the molded elastomer is placed against the NeverWet
surface (iii) Liquid metal is injected into the inlet of the elastomer. (iv) Optical
photograph of liquid metal patterned into a spiral feature after removing the
mold from the NeverWet surface. (v) Optical photograph of the metal trace in
series with a red LEDght shows that the metal trace is electrically conductive.
The LED light bulb is connected in series with a 12V battery and resistor, which
are not shown. Scale bar on (iv) IS 1.0 CM.....coooiiiiiiiiiiieeee e 73

Reversible actuation of liquid metal inside a closed channel. (a) A channel
coated with NeverWet is sealed against another slide coated with NeverWet to
form a closed channel. A reservoir of liquid metal is place below the inlet of the
channel and sealedtiva membrane of PDMS. (b) Applying pressure from hand
actuates liquid metal into the Never\Asetated channel. (c) Upon releasing
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pressure, the metal leaves the channel without forming any residue within the
channel. Scale bar (2) IS 1.0 CM......cccovviiiiiiiiiiiieeeeeiiieen e eeeenn e A D

Figure 3-7: Reconfigurable monopole antenna. (a) An illustration of the prototype monopole
antenna used for antenna measurement. A bloBRVIIA with etched
microchannel rests on a Cu ground plane. The channel is coated with NeverWet
to prevent oxide adhesion. The amount of liquid metal in the channel is
controlled via injection through a septum (red circle). An SMA (not shown)
connects the duid metal to the copper ground plane. (b) Antenna
characterization of reconfigurable monopole antenna at four states (i.e, length of
metal in channel). An inset shows the measured frequerayigyvs. the

predicted frEQUENCY..........oiiiieeeeeeieeme et smmes s e e s e e e e eeeeaan o O

Figure4-1: Two drops of eutectic gallium indium (O0E
asymmetric orientation. The bottom drop exhibits an asymmetparapt
contact angle (119° on left and 115° on right). Scale bar is 1.0.mm............. 38

Figure 4-2: Advancing and receding contact angle sweaments of EGaln and water on
hydrophobic (fluoropolymer) and hydrophilic substrates (glass). (a) Apparent
contact angle versus time for EGaln on a hydrophobic substrate (fluoropolymer,
red star) and on hydrophilic substrate (glass, black squares) aa@dom
fluoropolymer (blue, circle, control experiment). A purple star denotes the time
at which volume recedes from the drop. Images of EGaln on hydrophobic
substrate are shown as insets for advancing portion (left) and receding portion
(right) for the neasurement. (b) Advancing and receding contact angle on the
hydrophobic substrate as a function of the volume of the drop. The abscissa on
this group is a scaled function of the volume to show the evolution and
hysteresis curve of the contact angle...........cccoooeiiiiiiiceeiiiiii e 93

Figure 4-3: A plot of advancing angle of EGaln vs. advancing angle of water for various
s ub st kwadfe gas®ldnd SUS (flat)>3 are from literature. Water wets
intotheSU8 post sawkebENOA) d which are 200 e&m s
o 0 (T ST o T TR o T o ORISR 95

Figure 4-4: Receding measurement divided into three regimes (A, B, and C) for EGaln on a
hydrophobiC SUDSEIate............ccooiiiiiieeee e 97

Figure 4-5: a) Advancing and receding contact angle measurement of EGaln on a-plasma
treated silicon wafer. (b) An exploded of view of the (a) during Regime A
(beginning of receding angle). (c) Sidew micrographs of EGaln drops
undergoing baselinexpansion on various substrates (i: Silicon wafer, ii:
Fluoropolymer, iii: NeverWet, iv: S8 posts). The top images for all columns
show the drop prior to baseline expansion. White dotted vertical lines extend
from contact line of the top images to theafinow of images; these lines serve
as guides to show the expansion of the baseline on each substrate............ 98
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Figure 4-6:

Figure 4-7:

Figure 4-8:

Figure 5-1:

Oxi de Weslpd dreesi due. (a) Optical mi crogr a|
8 (hydrophilic) after dynamic contact angle measurement. Green background is

due to polarization of light. Scale bar is 1.0 mm, (b) Optical micrograph of

EGaln residue on hydphiobic substrate (fluoropolymeRed and green dotted

lines indicate radial fibers and concentric rings, respectively fej).@cale bar

is 1.0 mm for (b)(c) Optical micrograph at 30magnification at the edge of the

drop from image in (b). Scalebars 100 em, (d) Opti cal mi cr
magnification within the drop. Diagonal lines show pinning of the drop during
advancing measurement. Scale bar is 50 ¢
magnification of (b) between two radial fibers. Scale bafis %..m................ 101

EGaln dynamic contact angle experiment on square posts made fr&{180

em squares, wi t(dEGhIG &vanang. opEsaln rasglye .at

end of receding measurement (Regime C). For (a) and (b), needle diameter of

0.39 mm serves as a scale bar. (c and d) Optical micrographs of oxide residue on

square posts. The radial fibers suggest a thin filmembrane of oxide

suspended between posts. Scale bar is 10
membrane (blue circle) between posts (white dotted line marks the edge of a

post). Scale bar is 50 e€m. (f) SEM i mage

rupturedincet ain | ocations (r edSEMiOpealngs) . Scal
Conditions (eg): FEI Verios 460L, 2.00 kV, 13 pA, 6.1 mm WD with TLD
detector in secondary electron MOAE.............evuuueiiiiiccceeeeeeeieear e eeeaees 103

For sliding angle experiments-€, a drop of liquid metal is placed atop a

surface of interest, which is oriented horizontally and subsequently tilted (via a

screw under the substrate). d) (aj BluoroPel, the drop of liquid metal remains

affixed to its original placement due to pinning of the oxide (a, bottom) when

tilted to 30. (b) On NeverWet, the drop of liquid metal readily slides upon

reaching a tilt angle of 14>6(c) Sliding angle expément on larger droplet.

(top) Large drop of EGaln (~300 e€L) rest
(Si wafer, coated with FluoroP#). (bottom) Drop slides down substrate when

L1 C=To IR (o 12 0 PSP EPPR 105

A Venn diagram shows the organization of stretchable bioelectronics into three
categories: (a) materials and mechanics, (b) soft robotics, abidl@ical

integration. (a) lllustration of stretchable rechargeable battery using hydrogel
and conductive paste. Reproduced with permission from Reference 13. © 2013
Royal Society of Chemistr§gb) Soft robotic gripper that uses an optical signal
feedba&Qo sense and handle soft and fragile objects. Reprinted with permission
from Reference 69. E 2016dWAA,SdO Wlti)c IBoif
implanted into damaged spinal tissue to restore its function. The device consists
of a patterned microfluid device that enables drug delivery and soft and

flexible electrodes to transmit an electrical signal and excite surrounding nervous
tissue. Reprinted with permission from Reference 15. © 2015 AAAS. Rigid to
Stretchable: Challenges..........uveiiiii e, 118
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Figure 5-2:

Figure 5-3:

Figure 5-4:

(a) Graphene is printed onto a thin, flexible polymer to form (i) a transparent
electronic tattoo. The serpentine pattern of the graptraces allows it to

function while undergoing deformations. The top image shows the tattoo in its
relaxed state. Due to the elasticity of the tattoo and skin, the tattoo can function
while being compressed (middle) or stretched (bottom). The tattoor sEmso
monitor physiological activities, (ii) electroencephalogram (EEG), (iii)
electromyogram (EMG). The EEG sensor is placed on the forehead (ii, left) to
measure neurophysiological activities such as (right) blinking of eyelids. (iii,

left) The EMG sengas placed on the forearm to show sensing of muscle
movements, such as hand clenching. A common commercial sensor is placed
nearby the tattoo sensor to benchmark the performance. (Right) The accuracy of
the tattoo sensors and commercial sensors are sihdapted with permission

from Reference 23. © 2017 American Chemical Society. (b[i]) Three individual
electrodes are screen printed onto a nitrile glove to (ii) serve as a traditional
threeelectrode electrochemical cell (ii). Scale bar = 10 mm. (Li¢fthe three
electrodes are printed onto the index finger. (Right, ii) The thumb contains a
collector pad that accumulates or gathers the chemical or biomarker of interest.
The collector pad contains immobilized enzyme (OPH) that reacts with the
biomarkers (iii) The electrodes are printed on a glove, and the sensors are
flexible and stretchable up to 50% of its original length. Scale bar = 10 mm. The
electrodes sense electrochemical reactions with (iv) biomarkers and (v)
chemicals based on a change in entr (vi) A portable potentiostat is placed

onto the back of the hand and wirelessly transmits a voltamogram to (vii) a
mobile device. The inset of (vii) shows (I and Il) the three electrode pins that are
placed on (Ill) an adjustable Velcro ring. Adaptith permission from

Reference 34. © 2017 American Chemical Society. Note: OP, organophosphate;
OPH, organophosphate hydrolyase; R, any chemical group containing a
hydrocarbon that is attached to the chemical functional group.................... 120

Materials and mechanics. (a) (Top) A wearable tattoo sensor is composed of
screenprinted metal contacts (islands) with serpenshaped brides. (Bottom,

left) Several types of conductor materials (carbon, Ag/AgCl, and CNT) can be
screen printed. (Bottom, right) The serpentine bridges serve as stretchable
interconnects. Adapted with permission from Reference 39. © 2017 Wiley. (b) A
hydrogel pece mounted on (top, left) of 3M very high bond (VHB) film is

utilized as a (top, right) wearable transparent, conductive touch screen. The
touch sensing mechanism works based on change in (bottom, left) current. The
authors demonstrate a (bottom, riglot)¢h-screen for writing, playing music

(not shown), or games (not shown). Reprinted with permission from Reference
50. © 2016 AAAS. Note: CNT, carbon nanotube;i A%, separate current
collectors that provide the location and sensitivity of the touch gdint; b ,
normalized Cartesian coordinates on the hydrogel touch panel.................. 122

Soft robotics. (a) Elastomeric grippers are produced by molding an uncured
elastomer. (Top) A gallium alloy liquid metal is injected into holl@wites of

the elastomer to form a monolithic conductive element. (Bottom) A pneumatic
feed inflates cavities with air to actuate the gripper. Scale bar = 1.0 cm for both
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top and bottom images. Reprinted with permission from Reference 47. © 2015
IEEE. (b)Soft pneumatic actuators are fabricated with direct ink writing of two
different inks. (Top) A side view image shows the architecture of the soft
actuator, which consists of embedded pneumatic chambers with adjacent
electrical conductors. Metallic wiringhd pneumatic tubing (shown at bottom of
image) are embedded within the composite. (Bottom) The two inks (one of
conductive hydrogel and the other of an insulating elastomer) are printed in an
alternating fashion and cured under UV light. Electrical coatiiom metallic

wires and tubing for pneumatic control are embedded within the hydrogel
material. Reprinted with permission from Reference 75. © 2015 Elsevier...126

Figure A-1: a) Comparing the effect of a surface oxide on the movement of EGaln plug
(~1.0 cm, in length) using low AC voltages (208to 800 m\kws, Sine wave).
The closed data points are in 1 M NaOH, where there is ide gxesent. The
open data points are performed in 1 M Na
Velocity measurements of EGaln plug (2 and 3 cm, in length) in hydrophilllic
glass capillary (oxygen plasma cleaned, blue) and hydrophobic glass capillary
(fluorosilanetreated, red)..............uueuiiiiiiii e eerer e e e e 144

Figure A-2: EIS spectra of 10 consecutive measurements for 1.6 cm and 3.6 cm plugsin 1 M
NaOH. (a ad b) Bode diagrams for 1.6 cm (a) and 3.6 cm (b) showing
impedance (leftyaxis, black) and phase angle (righaxis, blue). Error bars are
standard deviations(n=10) of impedance (black) and phase angle (blue) for a
given frequency. (c) Nyquist diagramrfboth 1.6 cm (black) and 3.6 cm (blue).
Each data point is for a specific frequency. X and y error bars are standard
deviations (N=10) fOF Zreal AN Zmag -« eeeeeeeeeeeeeaiiiiiiieeee e enens 146

Figure A-3: EIS spectra of 2.6 cm EGaln plug in 1 M NaOH comparing the direction of
measured frequency. Forward sweep (blue, square) refers to measurements
starting from 1 GHz to 1 Hz. Reverse sweep (red, circle) ref&ktepectra
measured starting from 1 HZ t0 1 GHZ.......ooovvvviiiiiiiiiiiie 146

Figure A-4: Bode diagrams ((a) impedance and (b) phase angle) from EIS experiments of
EGaln in 1 M NaOH plugs of varying length from no plug (electrolyte only) to

Figure A-5: Photographs of Ga film after 24 hour soak in air (a, left, control), 1 M NaCl
(middle), 1 M NaOH (c, right). Prior to experiment Ga film is spread over a Si
wafer (three inches, in diameter) and soaked intetia gish containing the
electrolyte. Scale baris 1.5inches or 3.8.cM.........cccooooiiiiiiicciii e, 148

Figure A-6: Exploded view of Bode diagram of EGalh§ cm in length) from Fig.-2d at
high frequency range. Blue square data points are of experimental data. Black
line is the model fit of the Warburg model (with inductor element). Blue dotted
line is a linear fit of experimental data in the region matkegellow. Slope of
fitted line is 3.8. Fitting is performed using Origin 2016 plotting softwatre....148
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Figure B-1:

Figure B-2:

Figure B-3:

Figure B-4:

Figure B-5:

Figure B-6:

Figure C-1:

TOF-SIMS spectra of NeverWet sample after being grazed with EGaln;
afterwards, the liquid metal or its oxide does not adhere to the surface or leave a
microscopic residue. TOEIMS spectra shows that there is no nracale

residue or imprint of Ga, In, and theirid&s. Data shows spectra of positive

ions (a) and negative ions (b) associated with NeverWet (black). Spectra
associated with Ga, In, and their oxides are denoted by red star and dotted drop
lines. The placement of the red stars, relative to the vertitslia arbitrary......151

Surface characterization of NeverWet. (a) Optical micrograph of NeverWet

coating at 5x resoluto n . Large clusters of particle

scattered across the surface, in a-repetitive fashion. (b) AFM measurement

of NeverWet coating shows spherical particles composing the NeverWet. (c)
SEM micrograph of NeverWet at higher shows @usof nanoparticles that
compose the surface of Never Wet. (d)
in (c)) shows that the surface comprises only of Si, C, and.O..................... 152

Fast Fourier Transform (FFT) of profilometry scan (as shown in Fig. 2c). The
graph depicts the frequency (y axis) of spacing between particle clusters that
compose the surface (x axis, 1egale). Basedrothis analysis, the roughness of
the surface varies from ~50s em to

EDS

~1000

scales (~500 ems and greater) is Ilikely

uniformity of the surface coating (because it is spray coatedrm) ha
Meanwhile, the roughness of lower length scales is due to the coating.itself53

FTIR spectra of Step 2 of New®et (subtraction, black bottom line) in
comparison to PDMS (red line, middle) and PVMS (blue line, top)............. 154

Accuracyof patterning traces. (a) Laser cut channel before injection, (b) after
injection, (c) PDMS microchannel (made using soft lithography) before injection
(d) PDMS microchannel after injection, (e) Examining accuracy of laser cut
channels as a function oh width. Y-axis shows the width of the metal within
the channel. Xaxis denotes the designed hweth (i.e., width of microchannel

prior to injection). For |l arger widths (

microchannel does not follow a linear tdehis phenomenon occurs because
the metal does not adhere to the side walls of the microchannel. Concurrently,
the high surface tension of the metal causes the metal to minimize its surface

area; thus, it retracts away from the side walls of the channei..................... 154
Photograph of the prototype reconfigurable antenna shown in Figure 6. Scale
DAr IS 1.0 CIMl..ceiieeeeeee et rnne e 155
(a) Sideview photographs of EGaln residue on silargated glass after

advancing and receding measurements varying in height betwedterand
substrate (red arrow on top photograph, height enumerated in red below each
photograph). (b) Advancing (black) and receding (red) contact angle
measurements as a function of scaled volume for varying needle heights..160
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Figure C-2: (a) Average advancing angles of EGaln on glass, EGaln on fhilare treated
glass, and water on fluoilane treated glass as a functiorire flow-rate. (b)
Average advancing angles for the same surfaces as (a), as a function of Z, which
is a ratio of the distance between the needle and substrate to axial length of the

Figure C-3 Pendant drop experiments. (a) Pendant drop of EGaln increases in volume (first
two images from left). As the volume is reduced from the drop (third and fourth
image), the metal drop elongates due to gravity and forms wrinkles on its
surface. At the end dhe experiment, the remaining oxide skin hangs from the
needle. (b) Buckling during compression of an elastic film of bacteria at the
interface of oil and water. Reproduced from literateflgc) Buckling of a
thermosresponsive, frestanding membranas the drop is compressed
internally. Reproduced from literatufll ................ccoovieeeeceeeeeee e 163
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CHAPTER 1

METHODS TO PATTERN L IQUID METALS !

This work is published idournal of Materials Chemistry & 2015with Hudson Ayers,
Carmel Majidi, and Michael Dickey as-contributors. Full citation below:

l. D. Joshipura, H. R. Ayers, C. Majidi and M. D. Dick@yMater. Chem. 2015,3, 3834
3841.



Abstract

This highlight describes emerging methods to pattern metals that are liquid at room
temperature. The ability to pattern liquid metals is important for fabricating metallic components
that are soft, stretchable, conformal, and in some cases;sEtapdiguable. Applications include
electrodes, antennas, miemarrors, plasmonic structures, sensors, switches, and interconnects.
Gallium (Ga) and its liquid metal alloys are attractive alternatives to toxic mercury. This family of
alloys spontaneously formssarface oxide that dominates the rheological and wetting properties
of the metal. These properties pose challenges using conventional fabrication methods, but present
new opportunities for patterning innovations. For exampleb&sd liquid metals may be
injected, imprinted, or 3D printed on either soft or hard substrates. The use of a liquid metal also
enables rapid and facile room temperature processing. The patterning techniques organize into
four categories: (i) patterning enabled by lithography,idjgction, (iii) subtractive techniques,
and (iv) additive techniques. Although many of these approaches take advantage of the surface
oxide that forms on Ga and its alloys, some of the approaches may also be suitable for patterning

other softconductors€.g., conductive inks, pastes, elastomeric composites).

Why pattern liquid metals?

There are at least four reasons for patterning metals or other fluidic conductors that are
liquid near room temperatureFirst, they enable electrical and optical compusethat are
stretchable, soft, and deformable as showFign 1-1.* Liquid metal components encapsulated in
soft materials, such as elastomers, can bend and stretch in ways that are unattainable with
conventional electronic materials. Liquid metals fadilat e extreme 00stret
stretchable wires that maintagtectrical conductivity up to 000% straif) and unique coupling

of mechanical deformation to electronic function. In principle-sw@dtter electronics can integrate



into clothing, meical implants, or wearable technologies without interfering with the natural
mechanics of the human bodly.

Second, liquid metals enable simple, unconventional patterning techniques. In some cases,
a liquid may not be necessary for the -@pglication butnay be used anyhow because it is easier
to pattern than solid metals. For example, it is possible to inject liquids into microfluidic channels
or directwrite liquids Fig. 1-1) onto a wide range of substrates. Patterning with liquid metals also
allows fa inexpensive and fast fabrication of devices outside of a cleanroom and without the need
for vacuum processing (e.g., physical vapor deposition or sputtering).

Third, it is possible to pattern liquid metals using room temperature processes at ambient
pressures that are compatible with a variety of substrates including polymers, gels, elastomers,
selfassembled monolayers, and biological materials. The deposition of solid metals often requires
melting (e.g., sintering, soldering) or evaporating (e.g., ipalysapor deposition) metals above
room temperature or in vacuum in a way that is destructive or incompatible with thermally
sensitive or volatile substrates. It is possible to deposit metals at room temperature using electro
deposition, but this requiseclectrolytes, electrical potential, and a conductive substrate.

Fourth, the ability of liquid metals to flow on demand allows for conductive elements with

dynamic behavior or response; as such,6dhese



Liquid Metals (MP)

Mercury (-39 °C)
Francium (27 °C)
Cesium (29 °C)
Gallium (30 °C)
Gallium alloys (< 30 °C)
Rubidium (40 °C)

Applications

i. Microfluidic Electrodes
ii. Sensors & Robotics

iii. Stretchable Electronics
iv. Reconfigurable Circuits

Fabrication Methods

1. Lithography-enabled
2. Injection

3. Subtractive
4. Additive (below)

no vacuum

Figure 1-1: Overviewof liquid metals. Gallium and its alloys form a surface oxide, which allows them to be-micro
moldablé“. The oxide enables several patterning techniques, including-diriéet(as showrabove) and potential
application$® *°. Figure from Liquid Metals adapted from Ref. 14. Copyright Wiley 2011. Figure from Applications
(i) adapted from Ref. 16. Copyright Wiley 2011. Figure from Applications (iv) reprinted with permission from Ref.

19. Copright Applied Physics Letters, AIP Publishing LLC

How to pick a liquid metal?

Mercury (Hg) is the most ecomonly known liquid metal (M.P.38.8 C) and has been

proposed for stretchable electrical wiring since the 1940g.

S

el ectrically

1.08 10° m't Ohm'%, ~1/50" that of Cu) and has been utilized for electrochemical measurements

4
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(e.g. hanging drop electrodes for polarography), thermostat switches, fluorescent bulbs,
thermometers, and MEMS devicg&However, Hg is toxic, which limitis application.

Gallumbased all oys, such as eutectic gallium
weight) and gallium indium tin (66Galinstanoéo,
alternatives to Hg. Both EGaln (M.P. 18®') and Galistan (M.P119°C®) are in the liquid state
at room temperature, possess virtually no vapor preSanceare considered to have low toxidity.

Although both Hg and Ghased alloys exhibit high surface tension (480 mN 624 mN m',

and 534 mNm'tfor Hg,” EGaln/ and Galinstafirespectively), Gdased alloys form agssivating

oxide (i3 nm) spontaneously in di**Thi s oxide 66skindéd all ow t
into nonspherical shapeé,as shown irFig. 1-1 (left). The oxide also may lowéhe surface

tension of the metaf.

The oxide skin behaves as an elastic material until the surface stress exceeds a critical point
of 500 600 mN m*. Beyond this surface stress, the oxide skin breaks and the liquid flows readily
(e.g., within microfluidc channelsy.Below the yield stress, the oxide holds the metal inte non
spherical shapes. The mechanical properties of the oxide and its ability to adhere to many surfaces
enable many of the patterning techniques described in this kigh Due to the low toxicity,
liquid-state at room temperature, and relativeghtconductivity (4/16th that of Cu), Gaased
alloys are wellsuited for a variety of applications that would not be possible using solid rhetals.

It is not the intent of this Highlighbtreview application$?but rather describe the staikthe-art
patterning techniques that make them possible.

Finally, it should be noted that several other metals and their alloys exist with MPs near
room temperature, such as showrFig. 1-1. However, these metals have disadvantages due to

their radioactivity (Cs and Fr), short hdife (Fr), or violent reactive nature (Cs and RDb).



Accordingly, these metals are not well suited for electronic applications. Therefore, this Highlight
focuses a stateof-the-art patterning methods using gallimased alloys. Hereafter, the use of
001 i qui d me tbasedialoysrualése atherwisestat€&laHowever, Hg, and other fluidic
conductors may be compatible with somehaf fabrication techniqugeesented here. Similarly,
molten metals (including lownelting point solders) may also be compatible for techniques and
materials that can tolerate elevated temperatures.
Overview

Gallium-based alloys possess several properties that enable nscainpatterning: (1)
they are injectable into cavities and channels and onto surfaces, (2) they form a surface oxide that
dramatically impacts the rheological and wetting properties of the metal, and (3) they freeze or
melt at experimentally accessible tengiares.

These same properties also render these metals incompatible with many existing patterning
techniques. For example, the seadinductor manufacturing industry has developed sophisticated
6 c onvent i-candanhngfabmoatienrtechniques for gatning thin films of soliestate
materials (e.g. metals, polymers, and inorganics) on planar sub&trategeneral, these
techniques are poorly suited for patterning liquids due to their tendency to flow (both during and
after processing) andability to cast smooth, thin (<mm) films, as shown in Fig.-6. Due to
their tendency to flow, liqguid metals cannot easily be etched in a controlled manner. In contrast,
injection-based andirectwrite techniques offer aumber of low cost patterning methotattare

better suited for liquid metals than conventional approaches. In additidmsed liquid metals

may be patterned by some o6unconvent iudiocad 6 f ab |

moldable properties



We organize the patterningahniques of liquid metal into four categofies
i.  Lithography-enabled processesuse of lithographic processes (e.g., photolithography),
either directly or indirectly (e.g., to fabricate stencils or molds), to achieve desired patterns.
ii.  Injection: use of pneumatics or other forces to fill the metal intedefened features (e.g.,
microchannels). Although the features are often produced with lithogregaiiniques,
injection represents a unique capability of liquid metals that it warrants itsategory.
iii.  Subtractive: selective removal of the metal from a substrate.
iv.  Additive: formation of objects or structures by depositing the metal only in desired
regions; this includes wite3Deorntng and jetting.pr i nt i
" Seweral of the technigues use principles from more than one category and thus, the categories are

intended to only facilitate organization.

Patterning techniques for liquid metal

Lithographyenabled patterning

Sealing

Deposited EGain
Layer

EGaln Wire
(2 um wide)

|

EGaln Deposition Sealing

Inter-wire
spacing (1 um)

Figure 1-2: Lithographyenabled techniques allow for high resolution patterning of liquid metals, such as imprint
lithography?. Figures adapted from Ref. 22. Copyright Wiley 2014



Conventional methods.Photolithography, the most commof lithographic method®,utilizes

light to change the local solubility of polymer films (photoresist) coated on a substrate. Immersing
the substrate into a developing solution dissolves away the soluble portions of the resist to expose
the underlying gbstrate. Thereafter, etching processes can remove exposed metal from a metal
film pre- coated on the substrate to create metallic patterns in a subtractive fashion. Schematics
and illustrations of processes involving photithography can be found in thiterature®®
Alternatively, physical vapor deposition or electrochemical plating can deposit metal into the
openings in the photoresist. Photolithography has yet to be used to directly pattern liquid metals,
but is often used to make topgraphical mold or stencils. Notably, liquid metal injected into
microchannels can serve as a photomask to create reconfigurable patterns from a singilhmask w
feature sizm$ as low as 10 ¢

Imprinting. Imprinting liquid metal with elastomeric molds (e.g., polydihyésiloxane (PDMS))

is a simple patterning technigtfAfter spreading a thin film of liquid metal on a flat surface, an
elastomeric mold with topographical features presses against the flat liquid metal film, which
forces the liquid metal into the reses of the mold. EGaln, which is otherwise fegtting on

PDMS, is believed to adhere to the walls of the cavity with the aid of@x{@a layer that forms

at the interface between the metal and the PDMSa result, the metal remains within the feagure
even after removing the mold from the substfatésing this approach, it is possible terfoliquid

metal traces with twaonicron line width and submicron depth, as showhRiq 1-2.

Stencil lithography. Stencil lithography is a high throughput tedjure to pattern liquid
metals®>?*In the simplest emboutient, a draw rod spreads liquid metal across a stiff stencil (e.g.,
watersoluble poly(acrylic acidf or Ci#*) placed atop a desired substrate. The metal adheres to

the substrate in exposed regiarighe stencil. Depending on the stencil preparation, this method



ach eves features as s mainlhowawr tRe®dyesamoftererqigir at e d
lllustrations and schematics of patterning using stencils may be found in the litét4ture.
Selective surface wettingThe surface composition and morphology of a substrate can influence
the wetting behavior of alloys of galliufd?’ Spreading the metal across {p@terned wetting

and noRwetting regions on a substrate offers another raupa@ttern the metal. The use of wetting
substrates (e.qg., coatings of*%or Au*®) and sacrificial release coatings on the stencil promotes

the patterning process. A schematic illustration of selective suwatting is shown in Fig.-T.

Outlet

ﬂ ﬁ

Inlet
Elastomer

(i)

: : Inject liquid metal Z :

(iii)

Figure 1-3: Injection is a versatile technique for embedding two and iirsension metal structures in elastomers.
(i) Photolithography or rapid prototyping creates an elastomeric topographical maddaional layer of elastomer

seals tle replica mold. Inlet and outl&oles are punched. (ii) A syringe (not pictured) injects liquid metal into the
void space of the elastomer. (iii) A flexible and stretchable dipole antenna made by injecting EGADMS0

Injection

Microfluidic injection of conductors is a common approach to create soft matter electronics,

due to its simplicity and ability to faithfully replicate features-gedined by lithography or 3D
9



printing> 718192840 These pralefined features oftemave better resolution and smoother sidewalls
than the other methods reported here, and result in structures in which the metal is automatically
encapsulated.

A syringe injects the liquid metal into inlet holes of the microchannel. Once injected into
channels, the Gaxide that forms adheres to the channel walls, resulting in stable microstrictures.
Hydrochloric acid can remove the surface oxide from Ga and its alloys and thereby prevent it from
adhering’ %43 Alternatively, it is possible to createstip layer between the oxide and the walls
by prefilling the channels with a carrier fluitf;**such approaches allow for reversibly actuation
of metal within microchannels.

As shown inFig. 1-3, it is also possible to fill por&or hollow fiberg*’with liquid metal,
which can flow into the void space as long as the applied pressure exceeds the Laplace’ pressure.
To date, EGaln has been injected into capillaries with diameters as small as {5Bvemly
spaced posts orbars{sca | | ed ¢ 6 L &9 ib @iérachabnals can be designed to block
the metal and guide it to only desired aré4s.

The encasing materials determine the mechanical properties of these structures, allowing for
flexible and stretchable metallic components. Conversigplving the encasing material (e.qg.,
PDMS) of a microfluidic channel filled with liquid metal in an appropriate solvent produces free
standing structure¥.Injection based patterning is well suited for other liquid conductors (e.g.,
ionic liquids>! metal salt mixtures’? and solder). Although it is possible to inject Hg into
microchannels, the metal will adopt a shape that minimizes surface energy.

Vacuum filling. Vacuum filling is a process similar to the injection method, by which pre
fabricatedmicrochannels define the shape of the metal patfdre liquid metal flows into pre

defined trenches by applying vacuum to create a pressure differential. The process does not require

1C



inlet and outlet holes, and works well for creating deep featur&fiimg channels with step
changes in height. A schematic illustration for this technique is prdvidFig. 18.

Freezing the gallium alloy allows for removal and transfer of these patterns from the mold using
simple tools such as tweezers, a processwknas freeze casting. When performed in a

temperature controlled chamber filled with cold, dry air, the frozen gallium alloy can be

assembled with rigid circuit elements and then sealed in elastdémer.

Subtractive
(i)
EGaln PDOMS o
L-—
2mm

(@)

'il‘ »
Vaporized Escaping \\\.__j

PDMS Vapor

N
L

Figure 1-4: Direct laser patterning (i, and Sf)creates traces of liquid metals and other soft conductors in a rapid,
subtractive, and inexpensive f &seledtielywithdbesliqudmetdilsdrom 6r e c a g
microfluidic channels by localized electrochemical reduction of the oxide layer. Figures adapted from Refs. 55 and

56. Copyright Wiley 2015.

Direct laser patterning. Direct laser patterning is an inexpensive and facile approach to pattern
liquid metals andbther conductive materialsi t h f eat ur e s m3Fhe provess, | as
depicted irFig. 1-4, begins with sealing or encasing a layer of liquid metal between PDMS sheets.
Thereafter, a carbon dioxide (@O | a s e r m)tracesoveltlde.suBfacedelectively remove

the metal. The energy from the €l@yer evaporates the bottom layer of PDMS and displaces the
metal away from undesired regions.

Recapillarity. Electrochemistry can locally reduce the oxide skin that forms on Ga and its alloys,

and trerefore induce these liquid metals to flow via capillary actidrhis technique is termed

11



6recapillarityd due to the use of reduFgti ve p
1-4(iii) and (iv), it is possible to selectively remove liquigetal from complexnicrochannels by
induced caplary action. Although there is no net metal lost in this process, the metal does flow

out of channels to a reservoir to alter patterns in a subtractive manner.

Additive

(ii)

=

Stationary
Dispensing Needle

"5 Syringe Pump

Figure 1-5: Additive patterning techniques produtee standing 3D structuréi’®’, andconformal 2D(ii, and iii)®”.
Scale bar on (jiis 5 mm.Figure (i) adapted from Ref. 50. Copyright Wiley 2013. Figures (i) and (ii), adapted from
Ref. 57. Copyright Wiley 2014.

Rapid prototyping (RP), direct write (DW), and other additive manufacturing (AM)
techniques are a class of techniques in which maiterideposited in only desired locations.
Examples include inkjet printintf,gravure or rolito-roll (R2R) printing®*®°and direct writé?
663D printingé6 is the colloquial term for AM
three dimensonal object$? Additive methods such as 3D printing enable high throughout
patterning using automated processing and user customization by utilizing ceaigatedesign
(CAD) models. Furthermore, these methods inherently reduce material waste andrmmay fo

structures, which are often complex and may possessf-qlane geometrie®,

12



Mi crocont act pCPi imnadttractive for( depdgiting. inks and soft conductors in a
potentially automated manner that requires limited manual f&b¢CP with galium-based
liquid metals relies on the adhesive nature of the galtinide to elastomeric moldThere are
two primary methods to patterning liquid metals via elaston#€ie: (i) manually transferring
EGaln using a topographicalastp, or (ii) depositig individual dots of EGaln with a
hemispherical PDMS tip (print head).

In the first method, a PDMS mold with protruding features of the desired geometry gently
presses against a film of EGaln. As a result, the metal oxide adheres only to the protatdneg f
and does not invade into any cavities of the transfer mold. Thereafter, pressing the mold against
the target sultsate transfers the metal withnmresolution. This technique could also be considered
lithography enabled due to the use of a topotiapnold.

I n the | atter method, a PDMS Oneedl ed with
metal, which forms a bead of liquid metal on the print fédthe print head then contacts the
substrate to transfer droplets of metal in a desired logatemuential printing of droplets coalesce
to form a functional pattern. Mounting the print head and stage to a motorerad Gartesian
system helps automate this process [3gel-9).
Direct-write. The formation of the surface oxide enables a taageémodes of direct write printing
for liquid metals. In general, direct write patterning relies on extruding liquid metal onto a substrate
through the nozzle of a syringe. Extruding droplets, wires, and other structures directly from a
nozzle onto a sugrate using pressure produces patterns in an additive fa3hisntechnique
produces 2D p#trns’and 3D structuréSthat are stabilized by the oxide skid. 1-5).

The nozzle inner diameter, distance between diseite tip and substrate, and axgion

flow rate are important parameters effecting the geometry and diameter of wires and traces, both

13



in 2D and 3D’ Stacking droplets of the metal while shifting a translational stage is one approach
to form freestanding 3D structures of liquid methbwering the stage or platform of the substrate
while extruding liquid metal can form frestarding wires, with heights up tol~cm>° The 3D
printing approach has the appeal of not requiring a mold and the ability to make out of plane
structures.

Although electrehydrodynamic jetting (getting) is a common approach to directly print
colloids, biological materials, and inks, this technique is not yet possible with liquid fiéfals.
The surface oxide clogs the nozzle, even in oxygenfnearnvironmets, and thus impedes the
proces$3However, using a nozzle comprised of a porous material (e.g., paper or PDMS), which
is impregnated with acid, allows for printing of liquid metal without clogging from the SXide.
Current challenges and opportunities wih Ga-based liquid metals

This Highlight describes statd-the-art methods to pattern liquid metals into a wide variety
of structures or patterns and focuses almost exclusively on the use of Ga and its alloys. However,
there are challenges with pattempithis class of liquid metals, which provide opportunities for
further work.
Resolution.The methods described here have relatively poor resolution compared to conventional
fabrication techniques. For example, the best resolution of the dsatiyportedncluding imprint
(~2),imed i on (~10 ewm)i,t eam)deddrObedproved. Challenges include
the formation of the oxide layer, and overcoming the large surface tension of thé°nvéiah
provides an energetic barrier for coercing thetal into smaller features. Gallium has been found
inside the hollow core of carbon nanotuB&®which suggests that it may be possible to get liquid

metal into finer features.
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Sharp features.All of the metal patterning techniques reported to tatee some finite level of
curvature, presumably due to the surface tension of the metal. That is, it is difficult to pattern the
metal into sharp features, including corners or sharp tips.

Precision. Precision of patterning features is important for lesgale manufacturing processes.

The patterning resolution is characterized by two important metrics: (i) critical dimensio”%(CD),
which is the size of the smallest feature, and (ii) line edge roughness (LER), which measures the
spatial variation of the idth of the CD’° Standard manufacturing practices require that the LER
should be within two or three standard deviations from thé%@®veralof the methods (e.g.,

i mprinting, st e@R)describedekhibiopgpar lER.NTle,roughmedkedgidue

to the rheology of the oxideoated liquid; that is, it flows along the path of least resistance and
not necessarily uniformly. This issue of LER can be overcome by injecting into microchannels
because the metal fills the void space. It would $eful to find ways to pattern the metal outside
these confinements, yet with high resolution and low LER.

Smooth films. New methods for creating flat, thin, and uniform films of high quality are an area

of opportunity. Many conventional patterning methstist with a smooth film. However, it is
difficult to spread thin, uniform films of liquidphase metalRig. 1-10).%3 Thick films possess a
smooth surface finish, but often exhibit a curvature due to the surface tension of the metal. Since
spin coated fihs of liquid metal are not uniform, thin films must be spread manually, which are
often rough or have holes. In general, handling gallium and its alloys can be messy because these
metals adhere to most surfaces due to their oxide.

Adhesion. The techniques described here benefit from or are influenced by the adhetfien of
oxide-coated metal to sshrates it contacts.The adhesion of these oxideated metals to a

substrate depends on the roughriéd&jryness:*and compositioff of thesubstrate. Furthermore,
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the ability of the oxide to break and reform as it is injected, spread, or manipulated further
complicates its adhesive behavior. The influence on this dynamic process on adhesion is only
beginning to be understody.

Contacts. Most devices require connecting the metal to other components. Gallium is known to
alloy with many other metals (e.g., Cu, Al, Fe, and XTiis feature could be used strategically

to make ohmic contacts, but can also lead to inadvertent destructioncointiaet and handling
challenges. In addition, the oxide is resistive, which could create an issue for sensitive external
electrical contacts. Finding the best way to contact these liquid metals electrically is an open
guestion, although initial work sugdegraphene or other forms of conductive carbon may offer

a solution to this challeng@.

Scalability. Most of the techniques developed to date rely on laboratory techniques. Although
additive manufacturing approaches (e.g., contact printing or durgtef) seem promising for
largescale production, liquid metal patterning may also be possible by adapting existing
manufacturing techniques, such as-tolfoll printing and slotdie coating. It remains to be proven

how well these methods scale to high tigioput processes. Likewise, recent work on deposition

of liguid metal particles by atomitian shows promise for large throughput printing but lacks the
resolution offered by other methotfs.

Improved materials. Gallium and its alloys are expensive. Givbe small volumes needed in
microsystems, the cost should not be prohibitive for systems that benefit from the properties of a
fluid conductor. Nevertheless, new materials should be explored that lower cost, improve
conductivity, or provide some additidrizenefit such as new rheological properties. Although this

Highlight focuses on patterning with galliubased alloys, many of these techniques can be used
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with other soft conductors (i.e., liquthase metakalt mixtured?and semiconductors?inks>

and elastomeric composité$) given their physical properties allow for printing or patterning.
Reconfigurability. Improving shape reconfigurability remains an active area of research. The use
of liquid metals could enable shape reconfigurable metallic components. The oxide skin adheres
to channel walls and forms a residue on the walls upon evacuation of the nmettiidrohannel.

This adhesion limits the ability to reconfigure the shape of the metal. Potential solutions include

4,45

the use of acid“****non wetting surfaceé’’>®slip layers’** or electrochemistfy~® (to

remove the oxide).
Outlook

This HigHight suggests there are a wide variety of methods to pattetva&al liquid
metals from the micron to mm length scales. Many of these methods are simple and provide new
approach for patterning that are not possible with conventional approaches. Thesenpat
techniques are opening up new approaches for making stretchable electronics, metaHlic micro
fluidic components, and conductors for soft robotics and sensors. We hope this Highlight raises
awareness of these techniques and inspires better paijtéeaimniques that transcend current
challenges and obstacles.
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Nota bene:The following figures apgared in the Supporting Information of the manuscript (as

Fig. S1 to S5). For continuity, they are renumbered in the thesis document a$ FogFiy. 1

10).
EGaln droplets
@ @ g =
3:m

After spin-coating

3 mm

Figure 1-6: Unlike most liquids, planar thin films of EGaln are difficult to produce using spin coating due to its high
surface tension and surface oxide, which causes the metal to flow along paths where the oxide yields.

In Sn
Step 1 7S _\ PAA
Produce mask with mask (In) and ~_ PDMS

selective wetting regions (Sn)

Galinstan
Step 2 PN

Deposit Galinstan - reactively wets
the Sn traces

Step 3
Remove excess Galinstan with a
thin-film applicator.

Step 4
Immerse in water to dissolve PAA £ = =
and remove in In mask; sealing
patterned Galinstan in PDMS

Figure 1-7: Method for patterning Galinstan with selective surface wetting. Figure adapted from Ref. 23. Copyright
Wiley 2013.
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trapped air

EGaln
Step 1 ( 7 )
; |
Deposit EGaln on PDMS mold \ ‘ PDMS
escaping

Step 2 i
Apep‘l)y vacuum to release air \@(:)\V@V o
trapped in mold [%\P_‘

Step 3

Agitate to remove openings in € )
EGaln layer and reseal mold- ‘ L — w

features

Step 4
Remove vacuum; external air
pressure causes EGaln to fill into ‘

the mold

%4
Step 5 &5
Remove excess EGaln with a thin- | ——— | ‘ /)
film applicator and freeze in a cold =2
chamber
Step 6 /\/\'/"7
While still in the cold chamber, remove — R
frozen EGaln from PDMS mold &«

Figure 1-8: Method for molding EGaln using vacuum filling and freezeiogst Figure adapted from Ref. 54 with
permission from The Royal Society of Chemistry.

(i) Step+

& ;

Figure 1-9: Dropletby-dropletmCP with EGaln. (i) Process stepslip PDMS tip into pool of EGalréretract tip,
Smove wetted tip to substratiress tip into substrate to deposit EGaln droplet; (i) Bd@0diameter droplets; (iii)
solid lines produced by spacing droplets 2ifi apart. Adapted with permission from Ref. 63. Copyright 2013
American Chemical Society.
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Figure 1-10: Traditional spreading techniques do not allow for smooth thin films of EGaln (a). Inspection under an
optical microscope (b) shows a thin but aariform coating of EGaln. The sample is baditkwith light. If the film

was uniform, it would not be possible to see through the film, but it is apparent that light travels through the films
suggesting the thickness is notfonin. Scale bar on (b) is 1 mm

2C



References

(1)
(2)

3)
(4)
(5)
(6)
(7)
(8)
9)
(10)
(11)
(12)
(13)
(14)
(15)

(16)
(17)

(18)
(19)

(20)
(21)
(22)

(23)
(24)

(25)
(26)

(27)

M. D. Dickey,ACS Appl. Materinterfaces 2014,6, 18369 18379.

S. Zhu, JH. So, R. Mays, S. Desai, W. R. Barnes, B. Pourdeyhimi and M. D. Digkiey,
Funct. Mater, 2013,23, 2308 23140

S. Cheng and Z. Wiab Chip 2012,12, 27820

R. J. Whitney,). Physiol, 1953,121, 1i 27.0

G. Beni, S. Hackwood and J. L. Jackighpl. Phys. Lett.1982,40, 912 914.

T. Liu, P. Sen and €l. Kim, J.Microelectromech. Sys012,21, 443 450.

M. D. Dickey, R. C. Chiechi, R. J. Larsen, E. A. Weiss, D. A. Weitz and G. M. Whitesides,
Adv. FunctMater., 2008,18, 1097 1104.

J. E. Chandler, H. H. Messer and G. EllendeDeht. Res.1994,73, 1554 1559.

L. Cademartiri, M. M. Thuo, C. A. Nijhuis, W. F. Reus, S. Tricard, J. R. Barber, R. N. S.
Sodhi, P. Brodersen, C. Kim, R. C. Chiechi and G. Niitédsides,J). Phys. Chem. 2012,
116, 10848 10860.

M. J. Regan, H. Tostmann, P. S. Pershan, O. M. Magnussen, E. DiMasi, B. M. Ocko and
M. DeutschPhys. Rev. B: Condens. Matter Mater. Ph§897,55, 10786 10790.

F. Scharmann, G. Cherkashinin, V. Bmeiitz, C. Knedlik, G. Hartung, T. Weber and J. A.
SchaeferSurf. Interface Anal2004, 36, 981985.

A. Plech, U. Klemradt, H. Metzger and J. PeislPhys.: Condens. Mattet998, 10, 971.

J. M. Chabala, Phys. Rev. B: Condemsitter Mater. Phys.1992, 46, 1134i611357.

R. C. Chiechi, E. A. Weiss, M. D. Dickey and G. M. Whitesidgsgew. Chem., Int. Ed.
2008, 47, 14r144.

M. R. Khan, C. B. Eaker, E. F. Bowden and M. D. Dickesoc. Natl. Acad. Sci. U. S. A.
2014, 111, 1404714051.

H. Koo, J. So, M. D. Dickey and O. D. VeléAgv. Mater, 2011, 23, 3558564.

P.Roberts, D.D.Damian, W.Shan, T.Luand C.Majidi, in 2013 IEEE International
Conference on Robotics and Automation (ICRA), IE¥EEy York, 2013, pp. 3528534.

A. Fassler and (Majidi, Smart Mater. Struct2013,22, 055023.

B. L. Cumby, G. J. Hayes, M. D. Dickey, R. S. Justice, C. E. Tabor and J. C. Heikenfeld,
Appl. Phys. Lett2012,101, 1741020

M. J. Madou, Fundamentals of microfabrication and néexhnology, CRC, BocRaton,
Fla., 3rd edn, 2012

D. Kim, J. H. Yoo, W. Choi, K. Yoo and-B. Lee,in 2014 IEEE 27th International
Conference on Micro Electro Mechanical Systems (MER&)4, pp. 540643.

B. A. Gozen, A. Tabatabai, O. B. Ozdoganlar and C. Majdy,. Mater, 2014,26, 5211
5216.0

R. K. Kramer, C. Majidi and R. J. Wooddv. Funct. Mater.2013,23, 5292 5296.0

S. H. Jeong, A. Hagman, K. Hjort, M. Jobs, J. Sundqvist and ZLAhuChip 2012,12,
4657.0

R. K. Kramer, J. W. Boley, H. A. Stone, J. C. Weaver and R. J. Waodymuir, 201430,
533'539.0

K. Doudrick, S. Liu, E. M. Mutunga, K. L. Klein, V. Damle, K. K. Varanasi and K.
RykaczewskiLangmuir 2014,30, 68671 6877.0

D. Kim, D. Jung, J. H. Yoo, YLee, W. Choi, G. S. Lee, K. Yoo andH. Lee, J.

21



(28)
(29)
(30)
(31)

(32)
(33)

(34)
(35)

(36)
(37)

(38)
(39)

(40)
(41)
(42)
(43)
(44)
(45)
(46)
(47)
(48)
(49)

(50)
(51)

(52)
(53)

(54)
(55)
(56)

Micromech. Microeng.2014,24, 0550180

H.-J. Kim, C. Son and B. Ziaié&ppl. Phys. Lett.2008,92, 0119040

J-H. So and M. D. DickeyLab Chip 2011,11, 905 911.

N. Pekas, Q. Zhang and D. JunckenMicromech. Microeng@®012,22, 097001.

T. Sekitani, Y. Noguchi, K. Hata, T. Fukushima, T. Aida and T. Som®&gi&nce 2008,
321, 1468 1472.

S. Rosset, M. Niklaus, P. Dubois and H. R. SRek, Funct. Mater 2009,19, 470 478.

J. Park, S. Wang, M.i, C. Ahn, J. K. Hyun, D. S. Kim, D. K. Kim, J. A. Rogers, Y. Huang
and S. Jeorat. Commun 2012,3, 916.

C. Majidi, R. Kramer and R. J. Woo8mart Mater. Struct2011,20, 105017.

Y.-L. Park, C. Majidi, R. Kramer, P. &idrd and R. J. Wood, Micromech. Microeng.
2010,20, 125029.

J. Vetrovec, A. S. Litt, D. A. Copeland, J. Junghans and R. Dutkp&d metal heat sink
for high-power laser diodesed. M. S. Zediker, 2013, p. 86050E.

K.-Q. Ma and J. LiuPhys. Lett. A2007,361, 252 256.

M. Gao and L. Guil.ab Chip 2014,14, 1866 1872.

D. Kim, Y. Lee, D. Lee, W. Choi and J. B. Lee, 2813 Transducers Eurosensors XXVII:
The 17th International Conference on Sdfithte Sensors, Actuators and Microsystems
(TRANSDUCERS EUROSENSORS XXYZDL3 pp. 26202623.

J. Wang, S. Liu and A. Naha@pt. Express2012,20, 1211912126.0

J. Wang, S. Liu, S. Guruswamy and A. Nahajapl. Phys. Lett2013,103,221116.

D. Kim, P. Thissen, G. Viner, BV. Lee, W. Choi, Y. J. Chabal andB. Lee,ACSAppl.
Mater. Interfaces2013,5, 179 185.

D. Kim, R. G. Pierce, R. Henderson, S. J. Doo, K. Yoo aitl llee,Appl. Phys. Lett.
2014,105 234104.

M. R. Khan, C. Trlica, dJH. So, M. Valeri and M. D. DickeyACS Appl. Mater. Interfaces
2014 6, 22467 22473.

C. Koo, B. E. LeBlanc, M. Kelley, H. E. Fitzgerald, G. H. Huff and A. Hdn,
Microelectromechanical Syse015, DOI: 10.1109/JMEMS.2014.2381555.

H.-J. Kim, T. Maleki, P. Wei and B. Ziai&, Microelectromechanical Sys?009,18, 139
146.

K. P.Mineart, Y. Lin, S. C. Desali, A. S. Krishnan, R. J. Spontak and M. D. Di&e&fy,
Matter, 2013,9, 7695.

W. Zhao, J. L. Bischof, J. Hutasoit, X. Liu, T. C. Fitzgibbons, J. R. Hayes, P. J. A. Sazio,
C. Liu, J. Jain, J. Badding and M. H. W. Chiliano Lett, 2015,15, 153 158.

M. R. Khan, G. J. Hayes,-Bl. So, G. Lazzi and M. D. Dickeppl. Phys. Let{.2011,99,
013501.

C. Ladd, JH. So, J. Muth and M. D. Dickey\dv. Mater.2013,25, 5081 5085.

H. Ota, K. Chen, Y. Lin, D. Kiriya, H. Shiraki, Z. Yu,-U. Ha and A. Jave§at. Commun,.
2014,5, 5032.

F. HenselAngew. Chem., Int. Ed. Engl 980,19, 593 606.

A. C. Siegel, D. A. Bruzewicz, D. B. Weibel and G. M. Whitesideb;. Mater, 2007,19,
7277330

A. Fassler and C. MajidL,ab Chip 2013,13, 4442 4450.

T. Lu, L. Finkenauer, J. Wissman and C. Majiilv. Funct. Matey.2014,24, 3351 3356.
M. R. Khan, C. Trlica and M. D. Dickey\dv. Funct. Mater.2015,25, 671 6780

22



(57)

(58)
(59)

(60)

(61)
(62)

(63)
(64)
(65)
(66)
(67)

(68)
(69)
(70)
(71)
(72)

(73)

(74)
(75)

(76)

J. W. Boley, E. LWhite, G. T-C. Chiu and R K. Krameidv. Funct. Mater.2014,24,
3501 35070

P. CalvertChem. Mater.2001,13, 3299 3305.

G. A. of America, G. E. FoundatiorGravure: Process and Technology, Gravure
Association of America, Gravure Education Foundati®@ochester, NY, 1990.

E. Hrehorova, M. Rebros, A. Pekarovicova, B. Bazuin,A. Ranganathan, S. Garner, G. Merz,
J. Tosch and R. Boudreal,Disp. Techno].2011,7, 318 3240

K. K. B. Hon, L. Li and I. M. HutchingsCIRP Ann. Manuf. TechnpR008, 57, 60i 6200
F42 Committee, Terminology for Additive Manufacturing Technologies, ASTM
International, 2012

A. Tabatabai, A. Fassler, C. Usiak and C. Majidgingmuir, 2013,29, 6194 62000

C. A. Gunawan, M. Ge and C. Zhatat. Commun.2014,5, 37440

S. Lee, J. Song, H. Kim and J. ChudgAerosol Scj.2012,52, 89970

S. N. Jayasinghe, A. N. Qureshi and P. A. M. Ea@e%ll,2006,2, 216 2190

D. Kim, J. H. Yoo, Y. Lee, W. Choi, K. Yoo andB. Lee,in 2014 IEEE 27th International
Conference oMicro Electro Mechanical Systems (MEM3014, pp. 967700

Y. Gao and Y. Bandd\ature 2002,415 5990

Z. Liu, Y. Bando, M. Mitome and J. ZhaRhys. Rev. Lett2004,93, 0955040

G. M. Gallatin,Proc. SPIE 2005,5754 38 52.0

S. H. Jeong, K. Hjort and Z. WBgensors2014,14, 16311163210

D. Kim, D.-W. Lee, W. Choi and B. Lee, in2012 IEEE 25th International Conference
on Micro Electro Mechanical Systems (MEM&)12, pp. 1005.0080

P. Ahlberg, S. H. Jeong, M. Jiao, Z. WL Jansson, .. Zhang and ZB. Zhang,|EEE
Trans. Electron Device2014,61, 2996 30000

S. H. Jeong, K. Hjort and Z. WB¢i. Rep.2015,5, 84190

M. Z. Seyedin, J. M. Razal, P. C. Innis and G. G. Walladw, Funct. Mater.2014,24,
31040

G. Li, M. Parmar, D. Kim, JB. (JB) Lee and DW. Lee,Lab. Chip 2014,14, 200.

23



CHAPTER 2

WET APPROACH: ELECTR O-HYDRODYNAMICS OF

CONTINUOUS ELECTROWE TTING
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Abstract

This work examines the electhydrodynamic behavior of the continuousotiewetting
(CEW) effect for plugs of oxideoatediquid metal. Utilizing optical microscopy, we measure the
displacemenand velocityof the metal plugs in glass capillarieger a range ofonditions (e.g.,
applied voltage, electrolyte composition, plieggth). In addition, we perform electrochemical
impedance spectroscopy (EIS) e CEW system and propose an equivalent circuit model to
gain clarity on its the interfacial electrochemical behavior. These experiments show that the plug
of metal moves dw if the electrolyte (1) forms aimmterfacial sliplayer, which we estimate to be
~200 to 500 nm in thickness from EIS measurementd, (2) allows metal to exhibit electro
capillarity behavior. Given these conditions are met, the metal plug can acttrate without
the presence of an oxide skin. EIS experiments show that the basic electrolytes etch the metal,
which can be modeled by artificial inductor element. Over long time periods, the dissolution of Ga
can impede the CEW motionhiB work providesguidelines forexperimental conditions that
enable reversible actuation of liquid metals in capillaries and microfluidics with high velocities
(~cm/s) using low voltages (< 2 Winally, we use CEW to demonstrate reconfigurable filter
switches for THz waeguides, whichmay beextendedor otherreconfigurakle electromagnetic

components such as RF antennasraathmaterials

Introduction

Reconfiguring the shape of metals is promising because metals are optically reflective,
have high thermal and electricabnductivities, and possess a surface Plasmon resohance.
However, conventional devices that utilize melase a static design or functi@ire., antennas)
Therefore,shapechangeabldiquid metalsmay useful in forming devices with reconfigurable

properties In addition, noving liquid metals within capillariesr confined systemis of interest
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for microfluidic applications (pumps and actuatdrs)pto-electronics’, and thermal energy
management.

Due to the high surface tension of the mgt)0 to 6@ mN/m) large pressures are
required to actuate the metaithin microchannel$ Although it is possibleto achieve such
pressures with pumps or compressed gasses, pneumatics requires large external equipment. In
contrast to mechanical forces (i.e., pnatigs), using voltage to actuate liquid metals is beneficial
for several reasong&lectrical signals do not require any moving parts, provides mobdityl,
reduces the size amdmplexity of the entire systernm addition, electrical signals can be easily
programmed to creatmmplex or customized motions.

There are two primary approaches to actuating liquid metals using voltages:
electrocapillarity and electrochemical oxidation (or oxidative sprea8liBtgctrocapillarity is a
change in the interfaciaéhsion across a liquid metalectrolyte interface in response to an electric
potential across the interfatépplying a voltage across the interface changes the density of the
electric double layer at the surface of the metal, which results in the dnantgrfacial tension.
Beyond a certain voltage, electrochemical reactions can take place on the surface of the metal,
which marks the end of the o&éclassicb electroc
oxide on liquid metal can further lowés surface tension (to near zefdJhis approach been
utilized to reconfigure its shape in open and closed environments. Meanwhile, electrochemically
reducing the oxide can also be utilized for reconfigurabiftySimilarly, redox reactions have
bee utilized to actuate liquid metat$ However, these approaches are limited by the actuation
speed and material consumption (i.e., continuous oxidation or reduction of a finite amount of metal

or electrolyte) 312
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The electrocapillarity effect may be utilized to actuate drops or plugs of metal within
capillary, which is illustrated in Figurei 2. Applying a voltage to a drop of liquid metal in a
capillary filled with an electrolytereates a surface tension gradighie to an imbalance of
charges) along the length of the metal plug. This phenomenon is known as continuous
electrowetting (CEW) and is analogous to Marangoni flow of liquids.13 CEW is useful because it
can move liquid metals at high speeds (~cm/s) withvoltages (<2 V). In general, electrowetting
is a type of electrocapillarity behavior whereby the wetting property of a material (either liquid or
solid) is changed by applying voltage to this material.14 Conventionally, CEW refers to the
electrowettingphenomenon occurs across a ligliggiid interface. This type of movement is a
different mechanism than other eleekiaetic flows, such as elect@smosis, electrophoresis, that

move charges or ions along the electric field.

Electrolyte

<:|'YL

TR YR>N

(W

Figure 2-1: Schematic of CEW using EGaln. A gray border around the metal plug (black) indicates the presence of

an oxide skin. Applying a voltage (V) at the end of the
the schemati c, the right side of t he) ptl ugn i tshg hloavint t ©
Accordingly, the metal moves to the left (from high to low surface tension).

CEW was first reported using Hg in sulfuric acid and demonstesdight switches and
later for micreactuators->151” However, Hg is toxic and thusot ideal for practical usagEEW
with other liquid metals (Ga alloys, Au amalgams, etc.) is also possible but more complicated. For
the case Ga alloys, Ga readilyrfs an oxide skin in presence of oxygé&his oxideadheres to

the channel walls, which prevents the metal from moving. To overcome the adhesion of the oxide,
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electrolyte must be primjectedto wet the walls of the capillaf§.Upon injecting the liquid mtal
thereafter, the electrolyte fornas interfacial sligayer between the metal surface and channel
wall. In addition, a popular approach to remove the oxide is to use acids or bases. Even in such
cases, prénjecting electrolyte into the capillary is cessary to form the shiayer. Thus, the slip

layer of water or electrolyte isrucial to achieveCEW motion.CEW with Ga alloys have been
utilized previously to actuate liquid metals within microchannels for reconfigurable antef¥nas

as well as in opesystems to create microfluidic pumir8This workfurtherexamines the electro
hydrodynamics oCEW with Ga alloys, specifically the influence of aqueous electrolytes on the
actuation behavior.

Electrochemical Impedance Spectroscopy (EIS)
(a) (b)
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Figure 2-2: (a) Plot of a sinusoidal waveform of voltage (red) and current (blue) over time. The current and voltage

are out of phase by a phase | ag ( «). (b)) oBkeaatupEd e Nyqui

This work utilizes electrochemical impedance spectroscopy (EIS) to better understand the
interface of the liquid metal and electrolyte. EIS involves applying a small AC voltage (sinusoidal
waveform, ~16015 mVkwms) to a system of interest dmeasuring the current and phase shift (also
known as phase lag or phase angle) of this systenexample of the voltage, current, and phase
lag of an sinusoidal waveform is illustratedrigure 2-2a. Thismeasurement is takeatross a

range of frequenes (of the applied AC voltage) to generate a spectrum of the impedanch
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is the AC analog of electrical resistanard phase angl&éhese diagrams of impedance and phase
angle vs. frequency are referred as Bode pléésg the same information, timapedance can be
expressed in real and imaginary components, which are known as NyquisT peoshape of this

curve provides an insight on the physiwemical interactions that make up the systefa.
Examples for these curves are showhRig 2 2bwith corresponding circuit modelsor example,

the Nyquist plot for a capacitor is a straight line. Meanwhile, diffuliiaited charge transfer
processes cause angular shift in the Nyquist plot. In general, any interface involving a metal and
anelectro)t e can be modeled as a capacitor in para
Nyquist diagrams, metalectrolyte interfaces exhibit a segircular shape and can be modeled
using an RC component. In addition, electrolytes can be considerdecaical conductor with

some value of resistance based on its physical parameters (length, size) and properties (i.e.,
conductivity).Based on the shape of Bode and Nyquist plots, electrical circuit diagrams are often

used to model the electrochemical behavior of EIS.

Results
Characterizing the displacement of drops

The goal of the characterization studies is to determine experimentitions that allow
the metal plug to translate through a glass capillary. For these experiments, we measure the
distance an EGaln plug (~1 cm, in length) moves within a cylindrical capillary made from glass
(0.8mm, inner diameter) under various condisdi.e., electrolyte composition, applied voltage,
and AC frequency). These experiments involve applying an AC valtsigg a Pt electrode the
system and measuring the movement of the plug of metal. An optical microscope aids in examining
and quantifing plug movement behavior. A ruler placed parallel to the glass capillary serves as a

scaleguide.For these experiments, we meastirange in position over tinfer varying conditions
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of pH of electrolyte, AC voltagéV peakto-peak(Vpp) USING square way, and frequencyf the AC
voltage. Based on this information, we calculate the mean displacement and averageofelocity
the metaplug.

From these experiments, we observe thrapnirends. (1)ricreasing the applied voltage
increases the displacemeafthe metal(2) The displacement of the plug varies inversely with AC
frequency (3) The presence of the oxide (based on the pH of electrolyte) suppresses the
displacementin addition, we notice that CEW does not occur for all aqueous electrdglos.,
we discuss thestends in more detail.

Increasing the voltage subsequeimigreases the displacement of the mbtatreatinga
larger surface gradienfEigure 2i 3 shows a representative graph of the position (x) of the metal
with respect to time durg an oscillation cycle; the graph compares the movement fory3 and
2.0 Vppat 1 Hz in 1 M NaOH and 1 M NaF. For both electrolytes, increasing the voltage from 1.0
V. to 2.0 V results i n (iacrehsain displacement&anb3dOilranp | a ¢ e me
to 8.1+ 0.1 mm in NaOH and 3.2 0.1 mm to 5.4+ 0.1 mm in NaF).To quantify the relative
change in the displacement, we calculate the ratio of the change in the mean displacement between
the two voltages. This comparison informs us that,aforincrease in one volt, the metal plug
displaces 2.28farther in NaOH and 1.6&arther in NaF. Across 0.5 Hz to 3.0 Hz, the metal plug
exhibits a similar behavior (an average of 2.550.47 for NaOH and 1.75+ 0.8 for NaF). The

values of these displaments are tabulated Appendix A.
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Figure 2-3: (a) Position of the center of a liquid metal plug (1.0 cm to 1.5 in length) over time in response to an AC
voltage (1 Hz, square wave). The figure shows tigétion in 1 M NaOH (blue) and 1 M NaF (red) for 3,{squares)

and 2 \fy, (circles). Error bars indicate standard deviations of 3 trials. (b) Column groups of mean displacement of the
metal plug for 1 M NaOH (blue, solid) and 1 M NaF (red with diagonetks) for three frequencies (0.5 Hz, 1 Hz,

and 3 Hz) at 1 Wpand 2 \p. (c) Average velocity for 1 M NaOH (blue, solid) and 1 M NaF (red with diagonal checks)
for three frequencies (0.5 Hz, 1 Hz, and 3 Hz) apdavid 2 \jp.
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Next, we see that the disp@mnent of the metal is inversely proponal to the AC
frequency. This relationship is intuitive because higher frequency results in less time for the plug
to travel in one directiorkig. 2 3b shows the effect of frequency and mean displacement for 1 M
NaOH and 1 M NaF at 1.0 V and 2.0 V. For NaOH at 2.0 V, the displacement decreases from 17.0
mm = 0.02 mm to 5.5 mm + 0.05 mm as the frequency increases from 0.5 Hz to 3 Hz. Similarly,
for NaF, the displacement decreases from 7.0 mm = 0.1 mm to 4.0 mmm0.Mh addition to
displacement, for both electrolytes, the average velocity of the plug increases with an increase in
frequency, as shown in Figi 2c. This difference is more apparent at 2 V than 1V, likely because
a greater surface tension gradientgenerated at larger voltages. However, the relationship
between displacement and velocity to frequency is not linear; Tables 2 to 4 in the Appendix A
compare the ratios of the change in displacements and velocity for given change in frequency. This
comparson shows that the changes in displacement and velocity are not proportional to the change
in frequency.

Combined, these results provide design parameters for actuating the liquid metal plugs
using CEW. For example, it is difficult to discern the motiba plug larger than one mm for AC
frequencies exceeding 15 Hz (Figi Ain Appendix A). Thus, lower frequencies are ideal
achieving large translations (i.e., one Hz or less creates displacements greater than four to five
mm). However, when higher frequées are required, such as for optical switches, applying a DC
bias may help achieve larger displacements. Although not studied further, we demonstrate the
utility of DC biases with higher frequencies in the section Reconfigurable Terahertz Waveguides.

Finally, we examine whether the presence of a surface oxide influences plug movement
behavior. In aqueous solutions, pH of the electrolyte will determine whether an oxide is present or

not. The oxide is amphoteric and dissolves in solutions with pH lasstlinee and greater than
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ten.23 Moving EGaln using CEW is possible with the oxide because of a thin slip layer of water
that separates the metal from the channel wall. In general, EGaln plugs displace farther along the
capillary channel in 1 M NaOH (no me) than 1 M NaF (oxide present). TablelZompares
relative ratios of displacement and velocity of the metal between 1 M NaOH to 1 M NaF. At 1.0
V, the metal plug displaces on average 1 fi6ther (£0.1%) in NaOH vs. NaF for a given voltage.

This diseepancy is larger at 2.0 V, where the metal actuate$8 farther (+0.53) in NaOH than

NaF. This difference is also inversely proportional to frequency. That is, the difference in
displacement subsides at higher frequencies. This result shows tipaisisiisie to achieve similar
displacements for CEW with the oxide present (i.e., without using corrosive electrolytes such as

NaOH).

Table 2-1: Ratios of displacement and velocity of NaOH to NaF for ,£8%d2.0 Vppat 0.5 Hz, 1.0 Hz, and 3.0 Hz.

1.0 Vpp 2.0 Vpp
Frequency Displacement = Velocity Frequency @ Displacement = Velocity

[Hz] Ratio Ratio [Hz] Ratio Ratio

0.5 1.33 1.33 0.5 2.35 2.35

1 1.12 1.12 1 1.51 1.51

3 1.03 1.03 3 1.38 1.38
Average 1.16 Average 1.75
Std. Dev. 0.15 Std. Dev. 0.53

Overall, the shorter displacements in presence of an oxide may be for several reasons. First,
the oxide exhibits a yield stress. Therefore, this yield stress may suppress Marangoni flow around
the metal pig due to the surface tension gradient. In addition, the presence of an oxide lowers the
capacitance of the metal drop. Due to a lower capacitarcdess charge densityhie magnitude
of surface tension gradientssnaller Finally, the presence dhé¢ oxide may affect the slpyer
between the metal and channel whlke to differences in wetting behavior of water on metal vs.
metal oxide. Nevertheless, these experiments inform us that CEW can occur in the presence of an
oxide (i.e., without the usef corrosive electrolytes).
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Finally, the metal does not exhibit CEW motion &l aqueous electrolyteResults from
Fig. 2 3 show that CEW occurs in aqueous solutions of NaOH and NaF. In both solutions, the
electrolyte provides both a sllpyer and supports electrocapillarity. However, simply- pre
injecting an aqueous electrolyte does not create deslgy. For exampleye donot observeCEW
effectin aqueous solutions of NaCl. In such cases, a plug of EGaln does not translate even when
tilting the capillary that is prélled with aqueous NaCl. Similarly plug ofEGaln does not move
in tilted capillaries that are filled with M LiCl. In contrast, a plug of EGaln readily moves upon
tilting capillaries that are filled with either aqueous NaOH or DI water alone. This suggests that

the composition of salts in the electrolyte plays a role on whetheragiipforms.

20 secs |

32 secs

Figure 2-4: Droplet splitting of an EGaln plug in 1 M NaF when 0.2 ga¥ (sine wave) with 1 ¥c bias is applied.
Scale bar is 1 mm.

Likewise, electrocapillarity behavior does not outright occur in all aqueousojees.
Results from Fig2i 3 demonstrate that electrocapillarity occurs in both aqueous NaOH and NaF.

However, upon applying voltage to the CEW capillary setup filled with EGaln and aqueous NaCl

34



does not cause the drop to translate along the length oéfiillary. Instead, after 30 secs, the plug
begins to deform and split into two droplets. Curiously, the plug translates immediately after the
plug splitting, which suggests that a threshold voltage is required to formlaysip We observe
a similardropletsplitting phenomenon in 1 M NaF under conditions where the drop does not
translate horizontallyFigure 2i 4 shows the time evolution of an EGaln plug splitting apart in 1
M NaF at low AC amplitude voltages with a DC bias (200rmd/ and 1 to 3 ¥c). We observe
similar behavior in 200 mM NaF; in such case, the splitting requires higher voltage, likely due to
the solution having a lower conductivity. The splitting is likely due to PlaRsdeigh instability,
whereby a stream of liquid preferentialiyeaks into smaller dropletéFor such an instability to
occur, applying a voltage may cause a local change in surface tension where the splitting occurs.
The droplet splitting behavior in both NaCl and NaF suggest that applying a voltage to the CEW
seup does change the surface tension of the drop. However, it may be that a threshold voltage is
required to either form a shiayer or generate a sufficient surface tension gradient to cause
translational motion. A similar behavior for CEW of Hg whereby d¢ectrolyte wets the metal
plug prior to actuating® Nevertheless, aqueous electrolytes for CEW have challenges that may
limits its use. Water may evaporate over time and thus CEW in aqueous electrolytes have limited
life-spans. In addition, water abbsr EM radiation, which makes it unfavorable for use in
reconfigurable EM components.

Therefore, we wondered whether other liquids that wet the liquid metal could form a slip
layer and subsequently enable CEW. We attempted CEW with me{M&H) becausetiwets
EGaln and can dissolve NaOH (to remove its oxide). Furthermore, the poldvigQH provides
it lower absorptiorof EM radiation in comparison to watem the THz regime (300 GHz to 3

THz, or 1 mm t o 120Qurioasly, we werewmlyablé te aciyatehtie metal in
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NaOH/MeOH mixtures (1.5 to 2.0 M) with large AC amplitudes (daMopea) With a DGoffset
voltage (2 V). Below the threshold DC bias, we observed droplet splitting to occur in a similar
fashion to ageous electrolytesThis result suggesthe sliplayer does not form immediately
within MeOH and applying voltage to the system forms thelalpr by causing MeOH wet the
liquid metal plugFurther work in identifying other liquids that enable CEHV&tdo not evaporate

over time and transmit RF energy.

Reconfigurable Terahertz Waveguides
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Figure 2-5: Reconfigurable THz Waveguide. (a and b) Incident view of setup. THz waveguide sandwiches an quartz
capillary filled with a plug of liquid metal (Galinstan, 8 mm, in length) in 1.75 M NaOH in MeOH. Applying an AC
voltage (4 4, 2 Hz, square wave) actuates the liquid metal in (a) and out (b) of the waveguide. (c) Data transmission
measurements out of Port 3 afttbom wave guide. When liquid metal is in path of waveguide (configuration in (a)),
THz signal is blocked (red line on (c)). When metal is outside the path of the waveguide (configuration in (b)), THz
signal couples through Port 3 (black curve). Inset shfimite element modeling of THz transport through waveguide

at 165 GHz. Figure adapted from literatéfte.

We utilize the characterization studies of CEWdamonstrateeconfigurable terahertz
(THz) waveguideg®?’ As shown inFigure 2i 5, this demonstration involves actuating liquid
metal through glass capillariéprefilled with 1.75 M NaOH in MeOH); the capillaries are
partiallyinserted between two waveguide plates. Applying an AC vottate capillaryactuates
the metal in and out of tiveaveguide. When metal is actuated within waveguithesnetal blocks
the THz signal by reflectionWVhen metal is outside the waveguide, the electraljosvs the THz
signals to couple and pass through the bottom waveguide (PoRi§. & 5b). This osdlatory

motion effectively creates a switch or filter for TWaveguides®
36



Electrochemical impedance spectroscopy (EIS)
We utilize EIS to elucidate the electingdrodynamics of CEW in aqueous electrolytes.

Specifically, thewe seek tdetter understandolw different components of this system influence
the overall behavior (i.e., movement of the metal pltig)best characterizae CEW effectthese
experiments are performed the same=xperimentakonfigurationas the displacement studies.
We note thathe metal plug does not move while acquiring the impedance speetta the low
the applied voltagélO to 15 m\iws, Sine wave).

Figure 2i 6 shows thempedance spectra for EIS measuremént€EW with ~1 cm plug
in 1 M NaOH As a control experiment, we perform EIS on a glass capillary filled only with the
electrolyte (i.e., no liquid metal plug)s expectedihe data points in black ifig. 2/ 6ashowthat
impedance increases the system at lower frequenciest the highfrequency (100 kHz)the
impedance represents the resistance of the eleetrohpg o | ut i on (6 kaq) . Me anw|
value at the low frequency (1 Hz) represdhts overall impedance in the system (i.e., resistive
losses across the-Blectrolyte inteface and through the electrolyte solution). Likewise, the phase
angle (Fig. 26b, in red)is zero degrees at higlequency(3 kHz), which indicates that the system
is dominated by resistive effects (i.e., solution resistante)jow frequencies (~100 Hand
lower), the system transitions to capacitive behavior, which is maskgte change iphase angle

transitionsfrom 0° toi 65°.
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Figure 2-6: EIS Measurements with and without metal pl(ayand b) Bod@lot showing spectra of impedance (a)

and phase angle (b) from 1 GHz to 1 Hz. Black curve is of electrolyte only (no metéh mapillary). Red curve is
impedance of CEW system with a plug length of 1.2 cm, which shows a resonance near 15 Hz. {ppraiing
Nyquist diagram plotting negative of the imaginary component of impedadGe y-axis) vs. real component of
impedance (Za). Black curve is of electrolyte only (no metal plug in capillary). Red curve is spectra of CEW system
with a pluglength of 1.2 cm, which shows an inductive loop at the corresponding frequency of the resonance in (a

and b).
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Fig. 2/ 6a (in redshows the impedance spectra for a plug of liquid metal (1.2 cm in length)
Introducing a plug of liquid metal into a capilldfiffed with an electrolytancreases the overall
impedance in the systerig. 2 6a (inred shows that the impedance converges with the data
from the control experiment at high frequencies (above one KHu$. behavior is expected
because the solutiongsistance dominates at this frequency range. Beginning at 1 kHz through 1
Hz, the impedance begins to increase dramatically, relative to the control experiment at the same
frequency range. In addition, we observe resonance behavior in both the impedasktasthe
phase anglelhis experimental anomaly discussedhn detail later

Notably, the impedance of the systaml Hz is ~7.5x higher with the metal plug than
without (~300 kq for 1.2 c¢cm met dlhis rgslltusgot v s .
intuitive but is of importance to the CEW mechanism. Why would adding a plug of metal increase
the overall impedance of the system? The metal plug possesses a higher electrical conductivity (or
lower electrical resistance) than the electrolyte, and $hould decrease the impedance. One
reason for the increase in impedance is that adding metal creates a new interface for charge transfer
(i.e., ionic conduction to electronic conduction). This new interface is evident in the Nyquist plot,
which is shownin Fig. 2 6b. Each data point of this spectra represents the real and imaginary
impedance valuefr a given frequency. In both EIS spectra (with and without metal pilog),
Nyquist plot exhibits a sloped line, which indicates a capacitive term andedhamgfer resistance.

As the frequency decreases, the magnitude of the imaginary component also increases because the
charge transfer interactions dominate at lower frequenkiesomparison, a purely capacitive
behavior would show a vertical line (akidtrated inFig. 2 2b). The Nyquist plot for the metal

plug reaches higher impedance values for both real and imaginary components, which corresponds

with the increase imagnitude of thémpedance at low frequencies in the Bode plots.
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The formation of a interfacial sliplayer also contributes to the increase in impedance.
This sliplayer exhibits alarge resistance becausieis a thinner conductor (relative to the
surrounding electrolyte in the capillarygsistance through a conductor is inversebpprtional
to its width. Because the charge transfer resistance is high (i.e., from ion to electron across the
electrolyteliquid metal interface), current must instead pass through another pathway. As such,
the pathway for electrical conduction must beotigh the thin sligayer of water between the
metal and channel wallEigure 2i 8 shows an equivalent circuit model of the CEW system that
visualizes how current flows through the system; later in this work, we discuss the model and
examine the relativeontributions of each component to the current pathway.

Interestingly, the Nyquist plot for the metal plug forms a loop inrttegmediate frequency
range between 11 and 12 Hz). The correspondimmgld3 plotin the same frequency rangéso
exhibits resonarepeaks for both the impedance and the phase angle. This corresponding behavior
suggests adding the plug of liquid metal also creates a different behavior in the system. We first
wondered whether this resonance behavior was an experimental artifadtifi.a,the system)
or a temporal effect. To confirm the validity of the resonance and loop behaverepeathe
EIS experiment ten times with one minute intervals in between each expelfigeme A-2 in
Appendix Ashows the Bode and Nyquist plots as an average of the ten trials. The average of the
ten runs show nearly the identical behavior with neither a change in the magnitude of the data
collected nor a change in frequency for the behavior. The EIS spectrgmalyyperformed
starting from high frequency to | ow frequency
occurs at a specific time of the experiment, we repeat this experiment starting from low frequency
val ues to high fr ewe e pgue A-8ia Appendix Ashowsehatebotls e

reverse and forward sweep show resonance behavior (Bode plot) and the loop behavior (Nyquist

4C



plot) at the same frequency range. We do not see a noticeable difference in the behavior for
experiments perforntein an isolated frequency range (from 1 Hz to 20 Hz), where the resonance
is observed. Finally, we observe the same behavior in potentiostat instruments of different
manufacturers (Gamry R€00 and Biologic S#00). Overallthese experiments corroborite
resonance and loop behaviors exhibited in the Bode and Nyquist plots, respeativetymay
be a unique signature of the CEW system

Therefore, what is the cause of this behavior and does it have any physical significance?
One possibility is that #n CEW system is nelinear with respect to impedance at this frequency
range. If so, this nofinear response (i.e., resonant frequency) should change with the size of the
drop. To est this hypothesis, we repdlagse experimenisith varied the length gblug from1.2
cmto 6.5 cm, shown iRigure A-4in Appendix A.In the Bode plots, the resonant frequeshifts
from 13 Hz to 10 Hz as the plug length increases. Likewise, the loop in Nyquist plot is larger for
smaller plug lengths. These experiments shmat there is some variation based on the length of
the plug but not dramatic in change.

We wondered whether the presence of the oxide effects the resonance and loop behaviors.
To do so, we compare EIS spectra between NgibH 14, no oxide preserdand dium chloride
(NaCl, ph~7, oxide presentwith the same plug length of liquid met&igure 2i 7 shows a
comparison of the EIS for a plug of EGaln (1.4 cm in length) in NaOH, NaCl, and control
experiments of the electrolytes alone. In comparison to tlE-HN\N&periments, the EIS spectra for
NaCl exhibit neither a resonance for the impedance nor a loop in the Nyquist plots. The loop
behavior in Nyquist plots has been reported in the literatureiasst with corrosion of metals

and modelecasa dummy induair elemené®®®t hus, we refer to this | o
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moving forwardBased off the results on the NaCl experiments, we hypothesized that the inductive
loop behavior was due the corrosion of Ga by NaOH.

The corrosio of Ga by NaOH is also wslly evident on a macroscopic scdiggure A-
5in Appendix A shows photographs of Ga films soaked in 1 M NaOH, 1 M NacCl, and air (control).
In comparison to Ga soaked in 1 M NaOH, Ga films in air and 1 M NaCl appear reflective and
pristine. Overall, thesexperiments suggest that resonance and loop behavior may be due to NaOH
etching Ga oxide, which can be limited by using an electrolyte of neutral pH. Along with work
reported in the literature, the combination of displacement characterization andd#S show
that NaOH allows for CEW to occur. However, the dissolution of Ga into the electrolyte limits its

long-term use, which has been previously reported for the CEW system.
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Figure 2-7: EIS spectrawith and without oxide Data points with squares are of electrolyte only (no metatiplug
capillary, blue for 200 mM NaCl and red for 1 M NaOH). Data points with circles are of CEW system (blue for 1.4
cm plug in 100 mM NaCl and red for 1.2 cm in 1 M NgOt& and b) Bode plot showing spectra of impedance (a)

and phase angle (b) from 1 GHz to 1 Hz. A resonance appears only for 1 M NaOH in both impedance (a) and phase
angle (b). (c) Corresponding Nyquist diagram plotting negative of the imaginary compbirepedanceiZimag Y-

axis) vs. real component of impedance.{{ An inductive loop appears only for 1 M NaOH (red, circle)
corresponding frequency of the resonance in (a and b).
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Equivalent circuit modeling
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Figure 2-8: a) Schematic of CEW system with EGaln in capillary filled with electrolyte (top). The proposed
equivalent circuit model for CEW with EGaln (bottom). (b) Bode (top) and Nyquist (bottom) diagrams of experimental
data points for a plug of &.cm with model fitting.

Fig. 28 shows a cartoon of the CEW system with the proposed equivalent circuit model
below. A model for this system has been reported in the literRtin@yvever, we believe the
reported model does fully describe the system. Therefore, we propose an alternative model to fully
characterize the CEW system. Overall, the CEW system consists of three physical components
(liquid metal plug, electrolyte, and etemde). The model consists of a RC element (resistor and
capacitor in parallel) to model the Pt electrode and electrolyte interface. Thereafter, a resistor in
series (Rolution) follows the RC element serves to model the electrolyte in the capillary. @elmo
the liquid metalelectrolyte interface, we utilize a constant phase element (CPE) asideabn
capacitor. Physically, a thin slipyer of electrolyte (between the metal and capillary wall) also

exists alongside the metal drop. Therefore, we utdizesistor (Rip) in parallel to the CPE to

model the electrolyte inthe slipay e r . I n addition, we use a fdu
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to Rsiip to model the resonance and loop behavior exhibited in EIS spectra. We justify the use of
CPE and inductoelements further below.

Fig. 2 8b compares the predicted impedance and phase angles based on the model with an
experimental data set. We utilize a commercial software packagedk®y Biologic) included
with potentiostat instrumentation to generatedei@urves for the Bode and Nyquist diagrams as
well as parametric fitting. The model curve matches well with the experimental data (goodness of
fit of 0.00153). Specifically, the model follows the resonances and loop behaviors shown in the
Nyquist and Bod plots. This model does indeed deviate from the experimental data-at low
frequencies (less than 5 Hz). This discrepancy may be due 4inean behavior in the system at
this frequency range.

To validate the model rationale, we compare the proposed! mmoéig. 2' 8 to two other
variantmodels.Figure 2i 9 comparedits from the other two models with experimental data
addition,Table AT 5in Appendix Acompares the estimated values for the elements for each tested
model. First, we show model the EIS eptra with and without the inductor element. For this
comparison, we refer to the model without the inducterop as t he ficontr ol mo
with inductor | oop (aashowh im &igiB)pHigoZOa and BOb showdae | ©
comparison ofits for the proposed and control models to élxperimental data. Beginning at 10
kHz, the impedance fit for the control model begins to deviate from the experimental values.
Moreover, the control model also does not follow the resonance behavior ecHhilyitthe
experimental data (goodness of fitl00479vs. 0.00153 for the proposed modsp in Fig. 2
8). Likewise, the control model also does not accurately model the phase angle of the system.

Thus, the inclusion of the inductor element is importantnodeling the system.
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Figure 2-9: Bode (left) and Nyquist (right) diagrams of experimental data points for a plug of 1.6 cm with model fits
of Control Model (CPE element with no Inductor element, algrathd Warburg model (Warburg unit replacing CPE
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interface. Thus, we replace the CPE element with a Warburg elentech is often used when
diffusion of ions dominates the charge transfer processolate the difference between CPE and
Warburg elements, both models include a dumnauctor loop. Fig. P9c and 29d showa
comparison of the model with Warburg elemeiith the proposed model (CPE) as well as the
experimental data. The model with Warburg element generally follows the trends in the
experiment data but does not exhibit the resonance and loop behaviors; the goodness of fit for the

Warburg model (0.026) isn@ order of magnitude higher than the proposed model with CPE

el

impedance and phase angle but not a full peak at this frequency range. Likewise, in the Nyquist

Thereatfter, we consider the use of a CPE in the proposed model the liquieiectalyte
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plot, theWar bur g model di splays a oO6pinchdéd at the b
system. This deviation suggests that the CPE element better fits the experimental data than the
Warbug element. Moreover, it suggests that the inductive loop and mesdmehavior are not due
to diffusion of the ions (which are modeled by the Warburg elem&his can be confirmed by
examining the slope of the Nyquist plot, whiclyigically ~1/2 for Warburg elementgigure Ai
6 in Appendix Ashows a zoomed view oféhNyquist plot at high frequency (beginning of the
experiment) for 1.6 cm plug with the Warburg model fitting. We use a linear fit in this region to
determine the slope of the Nyquist plot to be 3.6, which is far from the expected value for Warburg
elemens. This analysis shows that the Warburg element is not appropriate for modeling the CEW
system.

CPEelements can often be used to model-i@al capacitors, where charge leaks across
the interface. Indeed, this naaeality can be confirmed by lookingith e U coef fi ci en
CPE, which indicates tnha 1.0fa @eal capagtance)f Thée GE®V c a p a
system of EGaln in NaOH shows an U of O0.80,
elements of dielectric materials used féectrowetting®! Based on the alpha coefficient, we
estimate the c ap atbasedonasmilr analysis usinglEISIfor lovWF voltage
electrowetting system$ details regarding the calculations are discussed in Appendiowever,
theest i mat ed c apacisl0am20 emesldwertharlmeastédcapacitance for a
sessile drop of EGaln in NaGBHtherefore, the EIS measurement may not provide accurate
capacitance for the CEW system. Ultimately, this results suggests tha¢m sygizing Ga and
NaOH may change in performance over time due to dissolution of Ga. Therefore, usihgy&a

as soft or microfluidic capacitors in NaOH solutions should be done with caution.
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The modelis useful for comparinghe relative resistanced components making up the
CEW system. The resistance values are of importance because they inform us on where the voltage
drops occur within the systemAs expected, the largest drop in the voltage occurs acress Pt
electrolyte interface 8- 350 Xkig Kq); we use Pt instead of o
Faradaic reactions at the interface, which would lead to larger voltage drops. Nevertheless, this
voltage drop is unavoidable due to the nature of a reédatrolyte interface. However, based on
the model fit, we determine that theofRion and Rip are 5.6k qNOL k qand1 0 k qkNg® . 7
respectively. We note that these resistance Vv
channel. In these experiments, we are careful to maintaimathe length of the electrolyte across
various experiments.

Therefore, we scale these values based on their relative lengths to make a proper
comparison. Based on a 1.6 cm plug length in 7.5 cm capillary, the resistance valuesOs6ale
k q/ domRsowion@a nd 6. 3  ks@./Teereforé, the redistance drop (and subsequently
voltage) in the sligayer is ~7 higher than in the remaining electrolyte. This comparison informs
us that the distance between the electrode and metal plug should be cofgidisidning CEW
systems. To actuate liquid metal over long distances (i.e., over several cm), multiple electrodes

should be utilized to ensure that the solution resistance does not exceedltheslipsistance.
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Finally, we estimate the thickness of the4#iyer based on thesigvalue To do so, we
model the sligayer as an electrical conductor in the shape of a cylindrical annulus, as shown in
Figure 2i 10a Based on the length of plug, resistivity of the electrolyte, aj We estimate the
slip-layer thickness to be ~270 nm for a plug length of 1.6 cm. FipI2plots the estimated shp
layer thickness for a range of plug lengths. Based on the aggregate of these values, we estimate
the average thickness to be 475 nm = 168 nm. This estimatiorsestolthe measured slipyer
using optical interferometry, which ranges from 270 nm to 500 nm between a Hg drop and mica
surface in an aqueous electrolyte (KEDverall, the EIS results confirm that the digyer is the
driving force for the actuatioof liquid metal because the thiihm provides the largest resistance
within the CEW system.

Although this model provides insights on the interfacial behavior of liquid metal in the
CEW system, the EIS measurement faces some inherent limitations. FiessByS measurements
are performed at the opeircuit potential (i.e., the 205 mV sine wave is transposed with no DC

bias), where the metal does not actuate. In addition, the surface tension and the capacitive behavior
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of the metal vary with respect tioe voltage. In principle, EIS can be performed at higher voltages
(i.e., using a DC bias). However, higher voltages will cause the metal plug to move during the
experiment, which effects its accuracy. Thus, the EIS spectra shown in this work canrae provi
more information about the liquid mefglectrolyte interface (e.g., surface tension and
capacitance) that forms within the capillary.

Conclusions and Future Work

These experiments suggest t6&\W occurs when the electrolyte formsiaterfacial slip
layer and allows for electrocapillarity behavior tbe liquid metal. CEW is possible even with the
presence of an oxide (i.e., in roarrosive electrolytes, 3<p#L0), albeit with lower displacement
and velocitiesIn general, we find that the displacem of the metal plug scales with the voltage
and inversely with frequency. Meanwhile, the velocity of the metal increases with respect to both
voltage and frequencilthough NaOH providekigher displacement and velocities than NE
base dissolves Gans from the surface into the electrolyte, which ultimately limits its e@nm
use.In addition, we demonstrate that CEW is possible inaqueous electrolytes (e.g., NaOH
solutions of methanol), which is desirable for RF applications. Using CEW ihamad, we
demonstrate reconfigurable adcbp filters for THz waveguides.

We utilize EIS to elucidate interfacial electrochemical behavior of the CEW system. These
measurements show that the systliaplays a signature resonance in the impedance arsd pha
angles near X22 Hz; these peaks correspond withirggtuctive loop in the Nyquist diagranas
the same frequencyrangehee s onance and | ®opf fhbewlaen otrtse 0d xuir
(i.e., in NaCl), which suggests that NaOH corrodes the suofabte liquid metalBased on these
EIS spectra, we propose an equivalent circuit model for CEW, which uses a CPE to model the

liquid metatelectrolyte interface and a dummy inductor element for the resonance and loop
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behavior. Through EIS measurements, shew that theasistance through the interfacial slip
layer is4.5x larger than within the bulk electrolyte in the capillafynally, we estimate the shp

layer thickness to be between ~200 to ~500 nm, which is similar to previously reported
experimentameasurements between Hg and mica glass.

Combined, these results provide better design guidelines for using CEW to electrically
reconfigure liquid metals. Future work in this area should focus on identifying other fluids or
interfacial solutions that enablCEW without leaching Ga into the solution and exhibit low
absorption of EM waves. ICMPS may be useful in determining the dissolution of Ga ions into the
electrolyte solution. In addition, interferometry or a surface force apparatus may be helpful tools

for quantifying the thickness of the slgyer in the CEW system.
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CHAPTER 3
DRY APPROACH: PATTERNING AND REVER SIBLE
ACTUATION OF LIQUID GALLIUM ALLOYS BY

PREVENTING ADHESION ON ROUGH SURFACE
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Abstract

This work reports a simple approachféem rough coatings thadrevent the adhesion of

gallium-based liquid metal alloyS: hes e al | oys f or mhabadhere orfpipatoe 0 x i

many surfaces; rough surfaces may prevent the adhesion but are difficult to incorporate into closed
channelsThis work renders planar surfaces atasedchannelsda be -pbabdeodo-vi a
coating (NeverWet, which is commercighavailable and inexpensive). Surface spectroscopic
techniques and metrology tools eluciddtat thecoatings comprise of silica nanoparticles coated
with silicones that exhibit duahodes of roughness. Through wetting measurements, we find that
engineemg the surface roughness is more important than surface chemistry to prevent oxide
adhesion. Weitilize the NeverWet coating tdemonstrate reversible actuation through-sur
closed channels to form a reconfigurable antenna in the GHz range. In adddiapply this
coating to open surfaces to patteuirmm conductive traces of liquitietal. This work provides
a simple and inexpensive method to actuate liquid metals for reconfigurable electronics,
microfluidics, and energy harvesting as well as pattgreoft condctors for flexible electronics,
microfluidic sensors, ansbft robotics.
Introduction

This paper describes the use of a spray coating to render surfaces rough, and thus, non
wetting towards galliurbased (Ga) liquid metal alloys. Liquid metalfer the high electrical
conductivities of metals and the fluidic properties of liqdidsAs a result, they are suitable
conductors for electronics that may be soft and stretcRéfSlas well as shape reconfiguraBle.
Because these metals are flyithey also show promise for adaptable optical components, such as
metasurfaces, gratings, and polariz&fddowever, the adhesion of these alloys to most surfaces

poses a challenge for reconfigurable devices. This work aims to create surfaces thaithe o
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to liquid metal so that it can be handled (i.e., contained, pumped, reconfigured) without leaving
residue on surfaces it contacts.

Ga and its alloys remain liquid near room temperature and offer an alternative to toxic
mercury (Hg). Ga has a miglgy point (M.P.) of 29.7C.1° Alloying Ga with other metals lowers
its melting point. Two popular alloys are eutecticgaliunmmdi um ( AEGal no, 85% G
weight, (M.P.) of 15.5C)!! and galliumindiumt i n (fiGal i nstano, 68% Ga,
weight, M.P. 0£19°C).*?In addition, Ga alloys display conductivities of ~1/18at of Cu, which
is sufficiently conductive for most electronic applicati6Wswide range of soft devices have been
created using Ga alloys embedded in a soft elastbmeluding wires or fibers that stretch up to
1000% of their original length¥ 1> adaptable antennd%’® and sensor&’ 24 Unlike Hg, Ga and
its alloys rapidly form a passivating surface oxide in the presence of 0Xygen.

Al t hough t hdi si soxdrdley o6& kfi etfwts premence mignifieantly t hi ¢
affects the fluidic and wetting properties of the metal. Per rheological measurements, the oxide
exhibits a surface yield stress of ~0.4 to 0.6 N/m; below this critical stress, the oxide behaves as
an elastic shell around the tak Once the applied stress exceeds the yield stress, the oxide skin
ruptures and allows the metal to flé%This property allows Ga alloys to be injected into
microfluidic networks® hollow structures (i.e., fibetsand carborbased nanostructuré<), and
similar systems that have void space. Once injected, the metal remains arrested within the
microchannel due to the ability of the oxide to reform rapidly. The adhesive tendency of the oxide
allows for many unique patterning methods of liquid metdls addition, residues of the metal
oxide can transform into useful traces of semiconduétors.

Despite its usefulness for patterning, the oxide poses challenges for several cases. Because

Ga alloys leave metal and oxide residue on most surfacetgnt@kates handling challenges in
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laboratory or manufacturing settings. Similarly, the oxide adheres to the interior of walls of
microfluidic channels. Preventing the formation of the oxide or lowering the adhesion of the oxide
is important for achievingeconfigurable electronics, as well agggy harvesting applications.
Several methods exist for removing the oxide skin. First, lowering the concentration of
oxygen in air to below one parts per million prevents the formation of the oxide on the sfirface
Gal?However, it is difficult to create and maintain such an environment, let alone implement into
a microfluidic device. I't i s also possible to
an aqueous acid or ba¥&2 According to the Porliux diagrams for Ga, a dilute acid (pH<3) or
base (pH>10) can directly remove the oxide skin via dissoltibikewise, acid vapors (i.e.,
hydrochloric acid or sulfuric acid) can also remove the oxide®Rity’ Recent studies show that
acidified silcone oils are capable of removing the oxide $kiHowever, acids and bases are
corrosive, and thus not ideal for electronics. Similarly, another approach is to electrochemically
reduce the oxide in aqueous electrolytes using only nominal voltages (<2 V).
Alternatively,introducing another liquid into a microchannel prior to injecting liquid metal
may prevent thexide from adhering to the walls of the microchannel. Watai),*° and certain
surfactant® are known to create shpyers of liquid that pysically separates the metal oxide
from channel walls. In addition, organic solvents such as toluene may also provide a sufficient
lubrication layer to prevent oxide adhesfdrsimilarly, injecting a solution of phosphonic acid in
ethanol into channelgg@vents oxide adhesion; phosphonic acid spontaneously binds to the metal
oxide surface, thereby preventing adhesion between the oxide and a uifbmeever,
incorporating a secondary fluid creates additional processing challenges, particularly for
elect oni cs. Therefore, it may be more convenien

prevent adhesion of the Ga oxide skin.
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Finally, it is possible to prevent adhesion of liquid metal using rough surfaces. This
approach is similar to the way roughrfaces can increase the hydrophobicity toward water.
Sever al met hods phiodi cdorouveght s u-dlipmed ehtbon( e. g .
nanotube$® sandblasting with alumina grité, silica nanoparticle® patterned micropillar
arrays?® sputtered metal foils such as In and*81§. Although these surfaces prevent the adhesion
of liquid metals featuring surface oxides, they all require specialized equipment for fabrication.
This work addresses the challenge of creating egldEbic rough srfaces in a simple manner.

In this paper, we utilize a commercially available superhydrophobic coating (NeverWet by
Rustoleum) to create surfaces to which liquid gallium alloys do not stick. We analyze the chemical
and physical properties of the coatigngd perform wetting studies using control surfaces to show
that the surface roughness is more important than the chemical composition. These wetting studies
also illustrate the challenges associated with using conventional wetting metrics to characterize
the behavior of gallium liquid metals on surfaces. Finally, we show the utility of suestiokn

surfaces to pattern the liquid metal and to actuate it in confined spaces for reconfigurable antennas.

Experimental Design

We utilize dynamic contact angle guantify the wetting properties of oxideated liquid
metals Although these measurements typically characterize the wetting properties of liquids
surfaces?***°the presence of the native oxide on liquid metal complicates the interpretation of
these measurements.

Il n the case of Ga all oys, the surface o0Xi
60skind has mechanical p r 0 passuniirig eshgapes thah minimizenp e d e
interfacial energy. For example, it is possible to distort the metal into shapes, such as wires or

cones that would not be possible with water. Likewise, it is possible to physically manipulate the
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apparent contact angle (iley deforming, squishing, dragging). The surface oxide also dominates
and complicates the interfacial behavior of liquid metal drops against sutfadetably, the
oxidecoat ed met al 0Oadheresd to most surde,dhees it
metal drop readily beads up on most-moetallic surfaces (contact angle approaching’ 180

To further complicate matters, during advancing contact angle measurements, the oxide
must yield to accommodate the growing volume of the drop. Moreoxigle may reform during
this process. Studies show that rupturing and forming new oxide promotes adHé$bue to
the oxide, drops of the metal often completely pin to surfaces so that they never truly recede from
the contact line during receding caot angle measuremen@onsequently, the interpretation of
contact angles for liquid metals is significantly more complex than water and perhaps misleading
if interpreted in the same wagfluids such as water.

We apply these techniques on drops of EGahd DI water on surfaces of varying
hydrophobicity as well as surface roughness to provide insight on the adhesion of thepakedie
liquid. For the case of DI water, we report advancidg){ and receding angle&§) to provide
context and additionaurface characterization. In the case of liquid metals, the measured contact
angles do not represent the traditional interpretation of contact angles; thus, we report the values
from dynamic contact angle measurements as apparent angles. Whereas traditaomang and
receding measurements emphasize the numerical value of contact angle, we instead seek to arrive
at a binary conclusion: either the droplet adheres to the given surface or not. The goal of this work
is to identify substrates where liquid raetompletely withdraws from the surface (i.e., does not

leave an oxide residue).
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Results

Liquid metals with surface oxides adhere to clean glass surfdges T° + 3° for water®
andUr for water is difficult to measure due to evaporation, but appears to liedesB). Figure
3-1 (a) shows a drop of EGaln expanding on a bare glass slide (Plain Microscope Glass Slide, 75
mm by 25 mm from VWR, treated with oxygen plasma for 1 mindgure 1 (b)shows a
representative graph of the evolution of the contact angle versus time for a drop of EGaln on glass.
As the volume of the drop increases, the metal drop of EGaln exhibits an aphanéiB9.7 +
2.1°. Upon receding the drop, the mled@op reduces in volume but does not reach an equilibrium
valueforUr. Previ ous work on pr even kformagoussserfaded ng o f
However, the evolution of appdoeseat existdon oxidea ct an
coated liquid metals; this behavior occurs because the oxide pins to the solid substrate.
Furthermore, continuing to remove volume from the drop does not remove all the liquid from the
substrate; instead, the residual metal drop remains adhered to dlass aod never fully recedes
from the surface of glas§his simple experiment shows that oxédated liquid metals can adhere

to surfaces despite a large advancing contact angle
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Figure 3-1: Dynamiccontact angle measurements on surfaces of interest. For dynamic contact angle experiments (left
column), a drop of liquid metal contacts on surfaces of interest ((a) Glass, (c) FluoroPel, and (e) NeverWet). The
advancing contact angle of the drop is meagdwas the drop first increases in volume. Upon receding the drop, oxide
residue remains on the surface of glass and FluoroPel. Meanwhile, no oxide residue is present on the surface of
NeverWet. The right column (b, d, and f) show representative graphe ef/blution of contact angle of EGaln and

DI water over time, which is normalized to scale all experiments. On (b, d, and f), a red star (*) indicates the beginning
of the withdrawal of the volume (i.e., volume of the drop decreases). (b) On Glass,ifitgdiynincreases in contact

angle as volume is increased. Upon decreasing the volume (indicated by a red star), the contact angle initially decreases
but never reaches an equilibrium value. (d) Sinbiketnavior is observed for EGaln on FluoroPel (blawdss marks).

Meanwhile, DI water on FluroPel (blue circles) reaches equilibrium values for both the
advancing and receding phases. (f) In the case of NeverWet, both water (blue circles) and EGaln
(black cross marks) exhibit stable values for advancidg@reding angles. The low hysteresis in
contact angle is indicative of a CasBaxter wetting state for both liquids. The red star indicates

the receding phase for both EGaln and water.
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Because the oxide itself is hydrophilic, we hypothesize that hydbaplsurfaces may
mitigate the adhesion of Gaased liquid metals. To test this hypothesis, we measure the dynamic
contact angle of liquid metal on a glass slide with a smooth coating of a commercial hydrophobic
fluoropolymer (FluoroPéM, Ua of 120.0 + 1.8° andUg of 107 + 0.9 for wate). Fig. 3-1 (c)
shows the behavior of EGaln on FluoroBehted glass. Advancing the liquid metal drop exhibits
an apparenta of 158.F + 1.7 onFluoroPel.Fig. 3-1 (d) shows that the contact angle evolution
for EGaln on FluoroPel is similar to the behavior for EGaln on glass. For both substrates, the metal
exhibits a large and stable equilibrium values during advancing measurements. However, the metal
drop does not achie an equilibriumJr when receding the drop volumas a comparison, Fig.
1d also shows the contact angle evolution for DI water on FluoroPel. For the case of DI water, the
contact angle of the drop reach stable values for both advancing and recedisghes£20.0
+ 1.8 andUg of 107 + 0.9 for water) Optical images from the contact angle goniometry {side
view profile) and conventional light microscope @@wn profile) on the sample after the
measurement shows that oxide pins to the surfacag;result, the metal drop never fully dewets
the surface. This result provides further evidence the contact angle of EGaln is more complex than
water.

In our study, although the advancing contact angle of EGaln on both bare glass and
FluoroPel are higl>140), the oxide adheres to both surfaces during the retraction phase. Similar
observations of adhesion of oxidized liquid metal polydimethylsiloxane (PEN®Y other
fluorinated polymer® are reported in the literaturEhis simple experiment showsat chemically
modifying the surface to a hydrophobic state is insufficient in preventing adhesion of liquid metals
to surfacesMoreover, these results also show ttheadvancing angle okaterdoes not serve as

a useful metric on whether the Ga oxidlhares to the surface.
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In addition to surface chemistry, surface roughness also plays an important role on wetting
and adhesion of liquidS:>® Therefore, we explore rough surfaces that display G&ssiterlike
wetting states to prevent the adhesiothefoxidecoated metal. For these experiments, we utilize
a commerciallyavailable spray coating (Ru€leun? NeverWe®, hereini Nev er Wet 0) a s
model surface with both surface roughness and hydrophobic surface chergsByl (e)shows
EGaln on glassoated with NeverWetUa of 162.2 + 2.2 andUr of 161.7 + 0.2 for water)
Advancing the drop of liquid metal exhibits an appatgnbf 163.9+ 5.4°. Upon receding the
drop of EGaln (g of 150.F + 5.4°), the surface oxide does not adhereNtEverWetcoated
surfaces and the drop completely withdraws fromdtrfacefig. 3-1 (e, right). A videoof this
experiment is provided in Supplemental Informatidpgendix B). Due to the surface roughness,
both liquids (EGaln and water) do not exhilitge contact angle hysteresis, that is the difference
between advancing and receding angles. The low hysteresis is evident that-Bedssieetting
state exists for both EGaln and water on NeverWet. Moreover, it is likely that the contact angle

for EGaln likely approaches 18@ this angle is difficult to observe to rough features that block

the line of sight to the exact interface between the drop and underlying surface.

Although several works have utilized rough surfaces to prevent oxide adhesion, this work
reports a facile waphobi cemdRecadswsd atcles Sipxay
inexpensive and commercially available, it is an accessible technigudogs not require any
laboratory equipment. Moreover, NeverWet coated on a variety of other substrates (e.g.,
thermoplastics, silicone ephebomérbehpaper) E&]
surfaces (polydimethylsiloxane, PDMS, DdBylgard184) coated with NeverWet retain its
Oox-pdeboi cd properties towards the I|iquid me

substrate. In addition, we created a superhydrophobic surface from PDMS by subjecting PDMS to
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flame> EGaln doesnotaghr e t o the o6fl amedd PDMS when per
measurement#&lthough the surface composition is no longer characteristic of NeverWet, PDMS

or other silicones, this result further confirms the importance of superhydrophobic surfaces (i.e.,
CassieBaxter state) on preventing oxide adhesion.

Although we observe no macroscopic oxide adhesion on NeverWet, we questioned
whether a thin, nanscale oxide residue may exist on NeverWet. We utilized-tfrféght
secondary ion mass spectroscopy (T&IMS) to determine whether trace residue remains on the
surface. TOFSIMS is a surfacéocused mass spectroscopy technique that has a higher sensitivity
than that of xray photoelectron spectroscopy (XPS). Prior to surveying the sample using TOF
SIMS, wedrag a drop of EGaln across NeverWet coated on a Si wafer; as an attempt to promote
the adhesion of the oxide, we repeat the dragging several times across the sample. In addition, a
pristine NeverWet sample serves as a control sample. Remarkabhg IM3Eshows that no oxide
residue remains on the NeverWet sample exposed to EGaln; the mass spectra does not show any
peaks for Ga, In, GaO, and InO ions (#gmendix Bfor mass spectra survey of both samples,
Figure B-1). Because this experiment is more sévesithan traditional surface measurements (i.e.,

XPS), it represents a uniqgue method of determining the presence of a surface oxide residue. The
utilization of this technique could also be useful for verifying and identifying nanoscopic surface

oxides (wih spatial resolution), which is of interest for patterning and deposition of 2D materials.
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| (a) NeverWet + O, plasma

(b) | (©)
O) ®

(d) Square Posts of SU-8

Figure 3-2: EGaln on rough, hydrophilic surfaces. (a) Water wetting on NeverWet treated wplastna for one

minute at 100% power, (b) A drop of EGaln advancing on NeverWet treated wjila§ina. (c) After contact angle
measurements, EGaln drop does not leave behind residue on on NeverWet treateplagim@ (d) Diagram and

optical micrograph of square postsSQif-8 fabricated using direatrite photolithography. Each square post is 200

em in | ength with a spacing of 2 ddpsephotographs of evaten wigkingst s i n
into square posts. (f) (top) EGain advancing on square po8§-8f (bottom) After contact angle measurements,

drop of EGaln does not leave behind oxide residue on the posts

Finally, we explore whether surface roughness alone prevents the adhesion of the oxide.
The results from this work agree with other work iarlitture in suggesting that surface roughness
alone is sufficient to prevent oxide adhesittf’ Previous work with rough surfaces, except for
sputtered metals, all utilize surfaces that are already hydropRdhitS:>*Therefore, we wondered
could theoxide of EGaln adhere to hydrophilic yet rough surfaces?

Her ei n, we show two examples of r-pholgch sur f
for liquid metals. First, we treat NeverWet to oxygen)(@asma to render it hydrophili€igure
32ashows that water readi | yof6e.&t 88)aftercexpssuretbace o

O2 plasma for one minute. The decrease in water contact angle is likely due to the formation of
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surface hydroxyl groups on NeverWet surface, which is chemidafiyas to silicones such as

PDMS, which is characterized in detail beld&wvp MS, whi ¢ h i f107)),becomeh obi c
hydrophilic upon exposure to Uvzone or oxygen plasnia.Fig. 3-2b and3-2¢ show contact

angle measurements on EGaln opn glasmatreated NeverWet. Despite the transforming the
NeverWet surface to a hydrophilic state, EGaln neither pins nor adheres to the surface of plasma
treated NeverWet. In addition, we utilize photolithography to create squarepoist®that mimic

a rough surfacerig. 2d shows a diagram and optical micrograph of the square-pasts, which

are 200 em in |l ength and separated by 200 &m
micro-posts upon contact, which verifies that the surface is wetting towatgs. Wieanwhile, a

drop of liquid metal on the surface does not penetrate through posts. Furthermore, advancing and
receding the drop of liquid metal over the posts does not cause it to adhere to the surface (as shown
in Fig. 2f). Indeed, these posts amitar in architecture to previously reported wdfk.

The key distinctions between this work and work from literature on rough surfaces is that
we consider both surface roughness and chemistry. Specifically, in comparison to the work on
posts fromiterature,*® the posts presented in Fig. 2 (1) do not have a hydrophobeotimng and
(2) do not have a second order of roughness atop the posts. Likewise, previous work has utilized
rough coatings or surfaces to prevent oxide adhesion. Insteagvatkiscompares the wetting
behavior of liquid metals on the same surface (NeverWet) with varied hydrophoBmityined,
this result suggests that surface roughness influences theetting behavior of oxidized liquid
metals more so than surface chenyistr

We note that previous work has wutil-i zed
p h o b # ¢HHowdver, the wetting behavior of liquid metals onto other metals is different

phenomena than traditional surfaces. Conventionally, contact angle measurésnens
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interpretation to the balance of surfaces forces at the contact point of three interfaces: (1) substrate
(solid or liquid), (2) probe fluid (liquid or gas), and (3) ambient environment (gas or liquid)). In
contrast, the wetting of liquid metals or{gmooth) metallic surfaces is due to metallic bonding,

diffusion, and alloying at the surface.

Composition and Morphology of NeverWet
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Figure 3-3: Surface morphology and roughness of NeverWet. (a) Scaeténtton micrograph (SEM) of NeverWet
coatingat15®dmagni fi cati on. Scale bar is 300 em. (B)Th&EM of N
mi crograph in (b)) is a select region of SEMicrographg a) , mal
(a, b) measure secondary electron emissions usifityarhartThornley dector on a FEI Verios 460L SEM, which

operated at 2.0 kV, 6.3 pA, and no stage bias. Samples are tiltetitatd@iserve the roughness at a glancing angle

and were imaged ithout a coating of metallic thifilm. (c) A representative line scan of contaebde profilometer

of NeverWet. Inset shows statistical values of average roughness and RMS roughness from five scans. (d) TEM of
silica particles that comprise the NeverWatep 2 spray (JEOLF 2010F TEM) operating at 200 kV).
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We sought to characterize the surface of NeverWet samples using imaging and

spectroscopic techniques to understand how it prevents adhesion of theaatiel metal. The

coating requires a twstep sprg pr ocedur e; 0Step 16 first dep
Thereafter, 60Step 206 <creates a topcoat t hat
characterization presented here iIis on a coat.
experment s i nvolving materials from only one of

Optical microscopy shows that large clusters of particles compose the sévipendix
B, Figure B-2 (a)). These clusters are spaced by several hundred microns. Howptiea)
micrographs do not reveal complete information on the surface morphology of the NeverWet
coatings. Thus, we utilize scanning electron microscopy (SEM) to observe the surface under a
higher magnification. The NeverWet samples imaging is perfornitbdut a metal coating using
a stateof-art fieldimmersion SEM. In addition, the samples are tilted totéBetter observe the
surface roughness. Although sputtering metal onto insulating surfaces aids in acquiring SEM
images, sputtering metal atop Newet forms metal nuclei across the sample. The presence of
metal nuclei misconstrues the observed surface roughness from SEM micrographs.

Figures3-3 ab show SEM images of NeverWet coated on a Si wafer. A low magnification
image (150x, Fig. 3a) suggests that the NeverWet coating consists of clusters or aggregates that
are spaced on order of tens to hundreds of microns. To quantify the roughness of NewerWe
utilize contactmode profilometry.Fig. 3-3c showsa representative profilometry scan of a
NeverWet sample. Due to the npariodic nature of the surface, we calculate both an average (R
and rootmeansquare (Rwvs) value to quantify the surface mhness (in terms of height). We
calculate an average roughnesg @ 10em and root mean square roughnessudrof 8em. A

Fast Fourier Transform (FFT) of the profilometry scan reveals that the particle clusters are spaced
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on the order of several hundrenicrons. The FFT analysis also shows that spacing on order of
tens to hundreds of microns is also frequent; this analysis suggests that there are multiple length
scales of roughness (S&ppendix B,Figure B-3).

At higher magnifications, we observe a @egary mode of roughness atop the mieron
scale features. Fig. 3b shows an SEM micrograph one of the features from Fig 3a. This micrograph
reveals thatthemicremcal e 6hi |l 1l s6 comprise clusters of
nm or less. Howear, we could not image the sample with higher resolutions due to the electrically
insulating properties of the coating. Therefore, we observe the particles in the coating at higher
resolution using transmission electron microscopy (TEIM)do so, the congments of only Step
2 are diluted in hexane and cast on a lacey carbon grid (300 mesh).3B)(¢ shows a TEM
micrograph of the particles that compose the NeverWet Step 2. Individual particles are difficult to
discern because they form clusters anddr chains. Image analysis of the micrograph determines
that the particles have average diameters of 20.4 nm = 4 nm. Finally, we utilize atomic force
microscopy (AFM) to further quantify the roughnegy. B-2bin Supporting Informatioshows
an AFM imag of a 4em by 4em scanned area. Although imaging such rough surfaces is difficult,
the AFM confirms that the surface comprises round or spherical particles of 100 nm or less size.
These results agree with similar studies on the morphology of NevétVieterall, the
characterization techniques presented in Fig. 3 and Sl reveal that the surface coating comprises
duatmodes of roughness length scales, which is characteristic of superhydrophobic Stitfaces.

In addition to roughness, chemical compositidnaosurface can play a key role in
influencing the behavior of liquids on solids. Therefore, we sought to understand the chemical
composition of NeverWet using various surfsemsitive spectroscopy methods. We initially

hypothesized that fluorinated spegicompose the NeverWet surface. Energy dispersiag X
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spectroscopy (EDS) reveals that the NeverWet surface comprises only silicon (Si), oxygen (O),
andcarbon (C) (Sekigure B3 (c and d)n Appendix B. However, this techniqu#oes not reveal

any infamation of the macromoletar composition of the coatin

(2) (b)
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Figure 3-4: Chemical composition of surface and surface NeverWet. (a) Fouritnansform infrared spectroscopy

in attenuated reflection modETIR-ATR) of a sample of NeverWet. The scan in black line is of NeverWet Step 1
spray (binder). The red scan indicates NeverWet coating consisting of both Step 1 and Step 2. (Step 1 + Step 2) The
blue line is a subtraction of Step 1 and Step 1+2. Twongieep lines indicate the FTIR peaks for(Sil;and SiO

moieties. (b) Xray photoelectron spectroscopy of NeverWet with graphs corresponding to peaks of O 1s, C 1s, and
Si 2p.

To elucidate the surface chemical composition of NeverWet, we utilize Faneform
infrared spectroscopy in attenuated total reflection mode {AMR). Figure 3-4 (a)shows FTIR
measurements two sample types: (i) base coat
A measurement on only Step 1 indicates that hydroocarprimarily comprise the base coat. We

determined the composition of the topcoat by subtracting the spectra of Step 1 from Step 1+2.
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From this analysis, the topcoat contains peaks that correspon®tar®l SiCHsz bonds. FTIR

ATR analysis show vibratian stretches at ~1100 ¢hand ~1250 cm, which can be attributed to

Si-O and SiC respectively. These stretches are not present on the base coat. The results from FTIR
studies are consistent with EDS in that the surface contains-#uoadnated polymdc network.

In addition, we compare the spectra for Step 2 with FTIR data with conventional silicone
elastomers, (poly(dimthylsiloxane (PDMS) and poly(vinyldimethoxysilane) (PVMNFB)ure B-

4 shows that NeverWet Step 2 exhibits similar stretches as PDMS and PVMS, which suggests the
NeverWet coating comprises of a network of poly(siloxane). Indeed, the NeverWet coating is
stretchable upon delamination from the substrate, which is indicatie @lastic nature of the
coating.

Finally, we perform XPS on the NeverWet surface to further corroborate the chemical
composition. As shown ifigure 3-4 (b), the survey spectrum also provides evidence that only
silicon, oxygen, and carbon are presertmtop coat (Step 2). The XPS results agree with EDS
and FTIR measurements regarding the chemical makeup of the surface. Silicon and oxygen
represent about 80% atomic composition of the top coat; the remaining 20% is carbon. The C 1s
high-resolution speicum show the peak at ~285 eV corresponding to aliphatic carbon and a second
peak at ~283.9 eV, which corresponds t&itonds. The O 1s higiesolution spectra show a
peak at ~532 eV, which corresponds t&{bonds. The Si 2p higtesolution spectra s two
peaks at ~101 eV and ~103 eV. The first peak can be attributedtdb&@ids and the second to
Si-O bond<*®? Finally, the TOFSIMS of NeverWet further corroborate that the NeverWet
surface is similar in chemical composition to polysiloxanes, FBMS).Examining the patent
literature and technical data sheet verifies the presen@diobnes and siloxane&®® We should

note that similar characterization of this coating suggests that the coating does contain fluorinated
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specie$?* However, oursurface characterization methods, (e.g., XPS, EDS, andSIMB) do
not show any fluorin€ontaining moieties.

The surface analysis presented in this work provides insights on design guidelines for
creating surfaces that are reetting to oxidecoated Iquid metal. Results from XPS, FTIR, TOF
SIMS, SEM, and AFM, combined, suggest silica particles treated with sildpes®el polymer
compose the top coat of NeverWet (Step 2). Therefore, coatings of similar compositions (i.e.,
micro- or nanoparticles in a jponeric binder) may be utilized to create nartting surfaces.
These coatings could also be applied to confined spaces such as microfluidic channels to enable

reconfigurable circuitry.

Applications
Patterning

Patterning liquid metals is of importance ffabricating electronics that are soft or
stretchable. Injecting the metal into microchannels represents a simple way to pattern the metal.
When performed conventionally, this approach results in the metal encased entirely in polymer
otherthan attheinlle and outl et ports. The O6cl osedb6 natu
applications requiring the patterned metal to interface with another component. One solution is to
seal microchannels directly against electrical components prior to injé&ida.reasoned that it
might also be interesting to create elastomeric, microfluidic surfaces with patterns of liquid metal
exposed at the surface, which could be used as soft electtGdes.

Figure 3-5 depicts an overview of a process to create swdapesed metal of arbitrary
patterns. First, a molded elastomer is placed against a surface coated with NeverWet. Thereafter,
EGaln is injected into the microchannels through the inlet hole. The mold must be pressed against

or clamped against the substrat@tevent the metal from leaking during injection. After injection,
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oxide adhesion to channel walls arrests the liquid metal within the patterned channel. Meanwhile,
the metal does not adhere to the NeverWet. Removing the NeverWet slide completestiegatte
process, thereby exposing the metal surface (i.e., the surface of the metal that was previously in
contact with NeverWet). The result is a pattern of liquid metal that is both electrically and
thermally conductive, as well as nearly flush with thefame of the elastomer. Thereafter, the
pattern may be sealed with an elastomer, contacted to another surface, or integrated with another

device. This approach may also be a straightforward way to harness the tunable adhestn of Ga.

@) Mold elastomer (i)  Face down against (iii)  Inject liquid metal
non-wetting substrate

(iv) Peel off mold Electrically conductive

Figure 3-5: Schematic of a method patterning liquid metal against a surface of NeverWet. (i) Schematic of a molded
elastomer (using either a laser writer or photolithography). Holes punched in the elastomer serve asdotkgtan

for the liquid metal. (i) Next, the molded elastomer is placed against the NeverWet surface. (iii) Liquid metal is
injected into the inlet of the elastomer. (iv) Optical photograph of liquid metal patterned into a spiral feature after
removing tke mold from the NeverWet surface. (v) Optical photograph of the metal trace in series with a red LED
light shows that the metal trace is electrically conductive. The LED light bulb is connected in series with a 12V battery
and resistor, which are not shov8cale bar on (iv) is 1.0 cm.

Interestingly, we observe the width of liquid metal structures inside microchannels are

slightly less than the width of the patterned chaf@eéFigure B-5in Appendix B. We attribute
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this phenomenon to two factors: (Here is no oxide adhesion at the interface of metal and

NeverWet, and (ii) curvature of the metal due to the interfacial tension of the metal. Another
limitation for this method is that pressure must be applied to the mold during injection, especially
for smaller feature sizes. Filling these channels by using a vacuum instead of injection might help

mitigate this issue and also allow the metal to fill into smaller feaffires.

Reversible actuation inside closed channels

EGaln o 1 “Release
Reservoir » ’ \ y Pressur

Figure 3-6: Reversible actuation of liquid metal inside a closed channel. (a) A channel coated with NeverWet is sealed
against another slide coated with NeverWet to form a closed channel. A reservoir of liquid metal is place below the
inlet of the channel and sealed with a membrane of PDMS. (b) Applying pressure from hand actuates liquid metal into
the NeverWetoated channel. (c) Upon releasing pressure, the metal leaves the channel without forming any residue
within the channel. Scalear (a) is 1.0 cm.

In addition to patterning, it is possible to actuate Ga alloys through closed channels by
harnessing the newetting properties of NeverWekigure 3-6 a-c demonstrates liquid metal
reversibly moving through a closed channel coated with NeverWet; the entire fabrication process
is described in the Supporting Information. The actuation does not require any external equipment.
Instead, applied pressure from ddan a PDMS membrane covering a liquid metal reservoir drives
the metal through the channel. Upon releasing the pressure, liquid metal returns to the reservoir
without forming oxide residue on the channel walls. We repeated this process over a hundred
cycles without any instances of oxide adhesion. A video of this actuation is shéywpendix B

Supplemental Video S2Remarkably, this video was recorded nearly 30 months after originally
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fabrication the sample. We also note that the mechanical duraHilityisocoating has been
previously confirmed?

Although the channel is shown verticallyFig. 3-6¢, themetal can also actuate through
the channel horizontally. The metal may be returning to the reservoir due to Laplace pressure in
the channel or posdipfrom the membrane pulling the metal back. Trapped air in the microchannel
may also play a role in the recoil of the liquid metal. Unfortunately, coating channels with
NeverWet is only effective for channels that are wider #&6mnm. Below this widththe coating
clogs the channels upon drying. In addition, applying a uniform coating at the corners of the
channels is a challenge. Despite these limitations, this approach is a marked improvement for
actuating liquid metal in closed channels. Previouskwaor actuating liquid metals using PDMS
channels with microstructures were limited two to three mm, in width. In addition, these channels

were limited to single paths (i.e, straight lin&sh contrast, this work can actuate liquid metals

through smallec hannel s (down to 750 &m). Further more

microchannel can be easily patterned using a-\asésr.
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Reconfigurable monopole antenna
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Figure 3-7: Reconfigurable monopokmntenna. (a) An illustration of the prototype monopole antenna used for antenna
measurement. A block of PMMA with etched microchannel rests on a Cu ground plane. The channel is coated with
NeverWet to prevent oxide adhesion. The amount of liquid metakichannel is controlled via injection through a
septum (red circle). An SMA (not shown) connects the liquid metal to the copper ground plane. (b) Antenna
characterization of reconfigurable monopole antenna at four states (i.e, length of metal in chAanimsit shows

the measured frequency-éxis) vs. the predicted frequency.

We take advantage of the ability actuate liquid metal within closed channels coated with
NeverWet to demonstrate an antenna device with reconfigurable or adjustable behaciuwsi#/e
to fabricate a monopole antenna for its simplicity in dediggure 3-7 (a) shows an illustration
of the prototype monopole antenna device made from PMMA. A photograph of the prototype
device is shown in the Supporting Information (Fig. S7). Thgtleof the metal inside the channel
determines the frequency at which the antenna operates. The resonant fregueiitye ntenna
is inversely proportional to the length (1) of liquid metal inside the deviithis relation assumes
that the channes very thin and PMMA is transparent to the electromagnetic waves.

Next, we characterized the antenna behavior by filling the channel with liquid to various
lengths. The length of metal inside the device is controlled by injection through a port placed at
the bottom of the channel. However, other methods such as pneumatics may be more practical for
automated controFigure3-7 (b) showshe results of the antenna characterizalietween 0.1 to

3 GHz; specifically, we measured the reflection coefficidrthe device, which represents the
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ratio between the incident and reflected electromagnetic wave from the anEmwhatrial
corresponds to a specified height of liquid metae minimum of each trial represents the
fundamentakesonant frequency of thentenna. The resonant frequency of the antenna varies
between to 1.6 GHz to 2.3 GHz based on the extent to which the channel was filled. This frequency
range is relevant for telecommunication devices such as mobile phones, virrelesst routers,
and ralios.A photograph of the prototype antenna and its fabrication procedure are outlined in the
Supporting Information.

The experimentally determined resonant frequencies match well to their expected value for
a quarter wavelength monopple correspondingrgph comparing the expected and measured
resonant frequencies is provided in theet of Fig. 3-7b. For each trial length, the observed
resonant frequency was 0.5 to 0.7 GHz belbeir predicted valuesVe believe there ardéree
causes for this discrepandyirstly, the use of a large block of a PMMA body lowers the resonant
frequency of the antenna. In additjighe internal length of the SMA pin above the ground plane
creates a longer conductive lengfimally, thedimensionsof the fabricated channel may also be
a cause of error. The predicted values for monopole antassaméhat the traces are infinitely
thin. Thewide channet may also be the cause of tiedatively broathand response of the device
Conclusions

This wolk reports a simple way to create pstitk surfaces for galliufbased liquid metals
using a commercial spray (NeverWet). The NeverWet® coating is commercially available,
inexpensive, and easy to process rapidly at room temperature. The coating consista of
nanoparticles embedded in a polysiloxane matrix. Measurements conclude that surfaces that
combine micre and nanescale roughness prevent oxide adhesion by forming a CBBaster

wetting state. Although liquid metals exhibit high advancing contagjles on smooth
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hydrophobic substrates, the metal remains pins to the substrate due to oxide adhesion. Meanwhile,
rough surfaces with either hydrophobic or hydrophilic surface chemistry areetting towards
the | iquid +wet dl .ng oo NevedMeteisousejul for creating micracale,
exposed traces of liquid metal by injecting liquid metal in a microchannel placed against these
surfaces and then peeling off the microchannel. The resulting structures may be useful as electronic
componerd that are soft or stretchable. Coating channels with NeverWet also allows for reversible
actuation of oxideoated liquid metal allows through confined spaces. Using this approach, we
demonstrate a reconfigurable monopole antenna with tunable resogaetirg in the GHz range,
which is fabricated using a facile approach.
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CHAPTER 4
ARE CONTACT ANGLE ME ASUREMENTS USEFUL FOR

OXIDE -COATED L IQUID METAL S?
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Abstract

This work investigates the validity of conventional wetting measurements foroxaded
liquid metals. Liquid metals are useful soft and fluidic conductors for electronics, composites, and
microfluidics. These metals beathin (~3 nm)surfaceoxide thatacts as an elastic, solid shell
and adhergto manysurfacesUsing conventionakools for measuring contact angleahjs work
compares the wetting behavior of liquid metals with watRegardless of the substrate
hydrophilicity, advancing angs for the metal aralwayshigh (>140°)due to the high surface
tension of the metal and the need to rupture the oxide in tension to advance theDnoipigthe
recedingmeasuremenishe contact angleeverachieves an equilibrium vallecauséhe oxide
pinsatthe perimeter of the drof is only on rough surfaces that the oxide does notHansliding
angle measurements, the resdiépend orwhether the oxide ruptusevhen placing the drop on
the substratelThis work suggests thabnventionalwetting measurements (contact angtisor
sliding angle)for oxide-coated liquid metals argubject to different interpretations than water
Moreover, the results provide fundamental insights on thesioltn of the oxide to substrates,
which isimportant for patterning metals and reconfigurable electronics
Introduction

This work studies the wetting and adhesion behavior of liquid metals that possess a surface
o X i d e.Tlegdaliofthis work is to show thadnventionameasurements for styichg wetting
behavior (dynamic contact angles and tilt angles) are difficult to interpregvaemnisleadingif
evaluated in the same way as fluids such as wiateddition, his study explores the feasibility
of alternative methods to measure the amimesf oxidecoated liquid metals. Although this work
utilizes liquid metals, which have melting points near room temperature, insights from this work

may be applied to atholtenmetalswith surface oxides
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Liquid metals offer high electrical and therntainductivity of metals, and low viscosity
of liquids. As a result, these materials are promising for use in flexible, stretchable, and
reconfigurable electronids3 In addition, the high thermal conductivity of the metal offers
opportunities for thermabr heat transfer management at the mawalel*® The wetting and
adhesion of these liquid metals play an important role in enabling such applications. Patterning the
metal for interconnects and conductive pathways in electronics relies on the wekttiegnetal
to the underlying substrateéhis wetting isparticularly important for additive manufacturing
techniques, such as3 printing and inkjet printing® 13 Meanwhile, reconfiguring and flowing
the liquid metal, in a reversible manner, requsagaces to either minimize or entirely prevent
adhesiort*? 1% |n addition, the wetting of liquid metal onto other metals can lead to embrittlement,
which can cause structural failure of metal parts and compdtfetit®reventing the adhesion of
thee metals to surfaces may be useful for enabling reconfigurable electronics as well to improve
handling and contamination of liquid metals. Ultimatelpderstanding the adhesion of oxide is
important for both promoting it (for patterning) as well as préuagnit (reconfigurability and
material safety).

Specifically, this work utilizes 738Gautect.
25% In, by weight), which exhibits a melting point of 15.5 °C. Due to this low melting point, the
metal remains a ligjd at or near room temperatt&.Unlike other liquid metals such as toxic
mercury(Hg), Ga and their alloys have relatively low toxiciti&$?2
Oxide 0Skind of Liquid Metals

Alloys of Ga forms a surfacexide inthe presence of oxygen, which plags important
role in its use. The oxid@ s kis tmnd(~35 nm),passivating at ambient conditigrand primarily

composed of Gal**'28l Accordingly, the surface oxide acts as sdik@ shell or membrane
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encompassing the | i gxhibitda yield Btiegvhiohxallogdsiquiddsops n 6 a l
to forminto nonspherical shapes. For examgfégure 4i 1 shows two droplets of liquid metal
stacked atop each other; the drops remain stable despite not being symmetric to one another and
do not coalesceinless perturbed mechanically. Importantlye oxide is known to adhere to
variety of surfaces, which is the primary focus of this work.

Al t hough this oxide O0skindéd is often consic
variety of applications-or example, the oxide allowsr the metal talistort into shapes such as
wires or cones that would not be possible with W&l In addition, themetal may be injected
into microfluidic networks and remain stable (despite high Laplace pressure) ttieeaithesion
of the oxide onto the walls of the microchani®&ksThus, the metal may integrate with soft
materials (such as elastomers and gels) to realize soft and deformable electronics as well as
electrodes in microfluidic applicatioffs>??3! The oxideenabled stability in microchannels
allowst he | i qui-hde atloi nbged ; 6 sfeolrfmat i on of the oxi de j
outwhen the microchannel is broken (or déf)*®! Because the oxide prevents liquid drops from
coalescing, it ipossible to utilize sonication or flefocusing to form liquid droplets that are stable
in shapd®? 3% The oxide caralsoserve as a template for other materials. For example, the oxide
skin may be functionalized with chemical moi€efie€¢(j.e., silanesthiols, and other polyme)s
as well asbiomolecules (i.e.drug delivery agenjd?! In addition, the metal oxide can be
transformed into semiconductahalcogenides, and 2D materi#fisor serve as a useful surface

for growing other materialsuch as graphene.
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Figure4-1: Two drops of eutectic gallium indium (O6EGal nd)
bottom drop exhibits an asymmetric apparent contact angle (116ftamd 115° on right). Scale bar is 1.0 mm

In principle, metal droplets (without a surface oxide) should bewwiting to most
substrates due to thednormoussurface tensio® an exception to this behaviorowld be for
metallic substratesyvhered me t i v e mayedcur acrogs the interface. However, the presence
of the surface oxideomplicategheinterfacialbehavior of these liquid dropletsirstly, the yield
stress of the oxide complicates its hydrodynamic behavior (i.e., flow and expahsi@plets).

To expand a drop or cause the liquid to flow, the oxide must rupture. As the oxide ruptures, new
oxide will form asoxygen contacts thizesHy exposedmetal. Studies show that rupturing and

forming new oxide promotes adhesf6if?l The famation of a new oxide may be occurring on
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the order of microsecond$:** In addition, the tension of thexideis notnecessarilysotropig
particularly when droplets are deflated
Conventional ©ntact Angle Measurements

Contact angle measurementgitally quantify the wetting behavior of liquids on surfaces.
Despite their simplicity, there remains ongoing discussion in the literature about how to interpret
contact angle measuremeHts'® The contact angle results from a force balance at the pifwase
line (i.e. the point where a liquid and vapor meet a solid substrate). Equasdanie Youngods
equati on, which defines the contact ipatigle (d
solid(s}liquid(l)-gas(g) interface. This equation iglid if the interactions between the three
interfaces are at physical and chemical equilibrium. Accordingly, these interfaces must be
homogenous and neneactive clean, macroscopically flat, and chemical homogenous (relative to
the size of the drop). Likese, the probe fluid must be pure and free of surface active species (i.e.,
contaminants, surfactants, and colloids).

r ror zAT © (Equation 1)

Byitself,thecontach n gl e of &) pstideslimited iforn@aion fechuse of the
tendency of liquids to get trapped in energy minitréf! Surfaces will display a range of angles,
two of which are at equilibrium; these two angles are reféorad advancing and receding contact
a n g laen dR,despectively)T h e reldites to the wetting force at the contact line (i.e., ability
of the drop t o s grelatasdothe adfiesiamfovdes at the, intetfdteebetdeen
the drop and s u brIneasues the abilyoaidremty depm at the domtactdine.
Therefore, Ik ondicatey thdt thes isterastions detween the liquid and solid (i.e.,

adhesion) are more favorable than ligligiiid (i.e, cohesion)As a result, dynamic contact angle
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measurements are ofteme r f or me d A & a ¢k wlptodde moredinformation on the
wettability and adhesiofor a given surface

Dynamic contact angleneasuremestinvolve placing a drop on a given surface and
measuring the contact angle while increasing the drop volumstatdy ratéAfter reaching an
equi | i br juhe ligaidwplunee isfeduced until the second equilibrium angle is obtained
(g . Laagerasisoci ated with surfaces rtelateastto ex hi b
thework of adhesion btween the liquid and substrate; thus, lower receding angles (i.e., less than
90°) relate to higher adhesi#fi:*’! The difference between the two angles (e.g., contact angle
hysteresis) is oftemeportedto characterize the wetting properties of a swfddowever, this
metric does not necessarily measure directly the wettability or adhesion of a liquid onto a
surfacd?®! Many parameters, including but not limited to chemical composition, chemical
homogeneity, surface roughnessntribute tocontact anlg hysteresi&'® 49l

Interpreting advancing and receding contact angles is already complex with simple fluids,
such aswatef®*ll n t he case of Ga alloys, the surface
drop and has mechanical properties thgiede the liquid from assuming shapes that minimize
interfacial energyf the liquid. The surface oxide also dominates and complicates the interfacial
behavior of liquid metal drops againsiriaces;for example, the oxideoated metal pins to most
surfa@s it contacts, which leads to irreversible adhesicuancases.

However, in absence of the oxide, the metal drop readily beads up on most surfaces; the
contact angle likely approaches 1®&t such dargeangle is difficult to measure. Metal substrates
are an exception since either Ga or In can either form metallic bonds with the substrate or diffuse
within grain boundaries (1. e, 6reactive wett.i

drop and matal substrate changes in timath respect tanorphology and chemical composition).
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In addition, the oxide makes it possible to physically manipulate the apparent contact angle (i.e.,
deforming, squishing, dragging, ett®)and are therefore subject tigsteresis effectlthough

sessile and pendant drops of these liquid metalalarest entirelyliquid, themechanics of the

o X i d e complikateshé use otonventionaimodels that are useful for assessing the wetting
and interfacial of liquidsThis work showghatthe pinningof the oxide to solid surfaces leads to
misleading intgoretations of contact angle measurements

Sliding angle measurements

Sliding angle measurements are helpful in determining the mobility of a drop across a given
surface This measurement involves placing a drop of the probe liquid on a horizontal surface.
Thereatfter, the surface is slowly tilted until thep begins tdranslate across the surface; the
angle between the substrate and horizontal surface underneattsisthedi ng angl e ( U)
drop may exhibit two different contact angles (at the front and back of the drop). Contrary to
popul ar belief, these angl aan @&fohnymamicgantact i d e t
angle measurements of sessile di6pEldaa n @ pridcipally represent equilibrium energy states
for a given surface, whereas the angles observed on the liquid drop from sliding angle
measurements are not equilibrium values (i.e., the drop is moving and thus not at equilibrium). In
addtion, there is also no correlation between the contact angle hysteresis (the difference between
dhanag daHld U.

Despite these complications with interpreting sliding angle experiments, this measurement
serve as useful and complimentary experimeatdraditional contact angle experiments. In
particular tilt angle experiments are useful in ididying CassieBaxter wetting stated surfaces
in CassieBaxter stategxhibitlowU ( 1 A t o @&léng with bighda Wwamtcentadt angle

measurementé® In addition, sliding angle measurements are useful for applications that involve

91



the mobility or sliding of droplets across a surface (i.e.;deldning surfaces, antiing coatings,
and applications involving thermal management). In this wavk, utilize sliding angle
experiments to provide further clarity and consideration on the behavior ofaatied liquid

metals in a o6fl owingd condition

Results
Dynamic contact angle measurements

We apply these techniques on drops of EGaln and DI watesudiaces of varying
hydrophobiciy. To simplify an already complex system, we initially focus on only flat and smooth
surfacesTo provide context and additional surface characterization, we report advahgdiagdq
receding anglesdg) for water. In thecase ofsurfaceoxidized liquid metalsthe reportecangle
should not be consideredasd as si c al i ¢ 0 nthey aréan appagit angle atthen st e a
interface of the oxidsubstrateair interface.

We questioned whether experimental conditionstlie dynamic contact angles played a
rol e i n taae cdophGaln. Einstly, we considered whether the volumetric flow rate
of the drop affected the measurement. We reasoned that the rate or magnitude of rupturing the
oxide may affect the obsard contact angld=igure Ci 1 in Appendix C shows tlat da for both
EGaln and watels essentially invariant versutow rates spanning an order of magnitude,
although the standard deviation increases slighthe results from these experiments are also
erumeratedn Table Ci 1 (for water) andrable Ci 2 (for EGaln)in Appendix C In addition, we
found the needle height (distance between the nozzle of needle and substrate) effect the receding
measurementdszig. Ci 2 in Appendix Cshows that needle heights gexathan 1 mm cause the

drop to prematurely break from the needle and remain on the substrate. As a result, the
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measurement is aborted prior to removing all the volume from the sub&trdéss otherwise

noted,theremainng experiments were performed wia needle height of ~0.6 mm.

Dynamic contact angle measurememtdvancing measurements
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Figure 4-2: Advancing and receding contact angle measurements of EGaln and water on hydrophobic (fluoropolymer)
and hydrophilic substrates (glass). (a) Apparent contact angle versus time for EGaln on a hydrophobic substrate
(fluoropolymer, red star) and on hydrophilic substrate (glass, black squares), and water on fluoropolymer (blue, circle,
control experiment). A puilp star denotes the time at which volume recedes from the drop. Images of EGaln on
hydrophobic substrate are shown as insets for advancing portion (left) and receding portion (right) for the
measurement. (b) Advancing and receding contact angle on thephgthic substrate as a function of the volume of

the drop. The abscissa on this group is a scaled function of the volume to show the evolution and hysteresis curve of
the contact angle.

We find that regardless of the substrate, the advancing angle issatigdy (~140 ° or
greater), yet adhesion is observed upon receding the Bigyre 4i 2a shows a graph of the
measured d during the dynamic contact angl e
reflect the progression of the experiment: volumaeases and then decreases (denoted by a
purple star in the plot). As a control experiment, we use DI water on a flat and hydrophobic

substrate (Si wafer with a spooated fluoropolymer coating, FluoroPel). For water, as the drop

of the volume increases t he d i ncr e asleGO 1@ (n=8), veetdesignlate theyv a | u e

average value i n thi s arUpanreocedingdhs volurhieeh ea ddv adreccir rega
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to astable valueof 107 + 0.9 (n=3), which we designate as the receding ar{gi¢. This
experiment shows that for water, the angles reach equilibrium values, as expected.

In contrast, oxideoated liquid metals behave differently. For the case of EGaln on the
hydrophobic surface, the metal drop reachbgihangle(158.7° + 1.7, n=4)during the advancing
measurementan inset in Fig. #2a (bottom, left) shows an image of an EGaln drop on a
fluoropolymer during the advancing measurement. We note that although the drop does not always
grow symmetric to the needle, the comtangles are often within a few degrees. Accordingly, the
reported contact angles for EGaln are averages of the left and right side of the drop. Upon receding
the volume, the apparent d for EGaln detcrease
the contact angle of EGaln initially decreases sharply then increases again. Thereatfter, the contact
angle drops sharply again but does not reach an equilibAionmset in Fig. 42a (bottom, right
shows the liquid metal at the end of measurementoli¢erve the same behavior for EGaln on
glass, which is hydrophilic. That is, EGaln exhibits a high contact angle on glass (139.6° + 0.77°,
n=4) during the advancing measurement, yet never achieves a steady angle during the receding
measurement.

We plot the d ver sus i2bddbetreresuatize the ddwncidg op 1 |
(closed symbols) and receding (open symbols) measurements. Controlling the volume of the drop
across all experiments is difficult due to the difference in densitiesebatwater and EGaln, as
well as the yield stress of the oxide. Therefore, we normalize the volume based on the initial
volume (Mni) and the maximum volume of the dropn}, which is always at the transition
between the advancing and receding measurejnéfiisr the scaling, the advancing measurement
of the experiment always begins at zero (where }M¥¥nd proceeds to one (where Vim). In

general, this graph shows that the d for EGal
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drop. Meanwhile d f or water remains stable as the v

applied for other experiments presented later in this work.
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Figure 4-3: A plot of advancing angle of EGaln vs. advancingangfe wat er f or wadfirgas® substr
and SU8 (flat)>® are from literature. Water wets intothe8U po st Sawdeeb En@A) d which are 200
with 200 em spacing.

We observe this same wetting behavior for EGaln orstigaces regardless of the
surfaceenergy.Figure 4i3c ompar es t hef ab@alr m fort\satdr fdar lagousd
substratesAlthough there is a slight positive trend between the two valtiesmain takeaway
from thisplotis the advancing anglef EGaln is always large regardless (~140 ° or greater) of the
hydrophobicity or hydrophilicity of the substra¥e reasorthat the advancing angle always must
be greater than 9@ ensure the oxide experiences the tensile stresses necessary to pialiethe

Upon receding the drop volume, the oxide pins to flat substrageg a r d Afer EGaln and DId

95



water. These results may appear to be trivial because it has been documented that the advancing
angle is not related to adhesithHowever , the reader ssoraudid t ake
water on a substrate provides either no empirical evidence or physical insight on how a drop of
oxide-coated liquid metal would behave fiat substrags.
Dynamic contact angle measuremeiee@ding measurements

Another key difference between water and EGaln in dynamic contact angles appears in the
recedingmeasurements:or water, in general, the contact angle initially lowers from the value of
da then reaches another platdaut h e Figl 4 2b shows the evolution of the contact angle for
water on a fluoropolymer substrate. Asr t he v
reaches an equilibriummalueat 107 + 0.9 (n=3). We observe similar behavior for water on
fluorosilanetreatedg | a e f ( 10 9 A N0 .r 6fB636°+(055°(839)), whdch is shown in
Fig. 4 2a and tabulated in Tablei € and G2 in Appendix C. These results illustrate typical
behavior of dynamic contact angles for water and other simple fluids. In contrastvattre
resul t s, trheeer reeehesan eqeiltbriuoh value for EGaln, on both hydrophobic and
hydrophilic substrates. Figi 2b shows the evolution of the contact angle for EGaln on glass and
hydrophobic substrates; the lower portion of the curimsEGaln represent the receding
measurement

To distinguish data between advancing and recadig@suremestin Fig. 4 2, Figure 4i
4 shows an exploded view of only the recedingasuremenfior EGaln ona hydrophobic For
further clarity on the behavior &Galn in the recedingheasurementwe divide this data into
distinct regimes (A, B, and C), as denoted in Figl.&Regime A refers to the beginning of the
recedingmeasurementsyhere volume ignitially removed from the drop. Duringegime A, the

contad¢ angle sharply decreases. Concurrently, the base of the drop expands outwards despite the
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volume decreasingNotably, the drop appears to sag as it loses tension, which leads to the
expansion of the base of the drop; we refer to this behavior as basgdaresion and describe it

in more detail further below. Thereafter, in Regime B, the contact angle remains steady as volume
is removed. However, perimeter of the drop does not retract inward as the oxide pins to the
substrate. Upon continuing to removewuk, the contact angle begins to sharply decrease again;
the sharp decline marks the beginning of Regime C. As majority of the volume is removed, the

apparent contact angle does not reach a stable value.
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Figure 4-4: Receding measurement divided into three regimes (A, B, and C) for EGaln on a hydrophobic substrate.
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Figure 4-5: a) Advancing and receding contact angle measurement of E@arplasmdreated silicon wafer. (b)

An exploded of view of the (a) during Regime A (beginning of receding angle). (cy®Bidenicrographs of EGaln

drops undergoing baseline expansion on various substrates (i: Silicon wafer, ii: FluoropolymereiiViiew: SU

8 posts). The top images for all columns show the drop prior to baseline expansion. White dotted vertical lines extend
from contact line of the top images to the final row of images; these lines serve as guides to show the expansion of the
baseline on each substrate.

We observe the baseline expansion behavior during Regime A irrespective of the
underlying solid surfaceg&igure 4i 5¢ shows the expansion of the baseline of EGaln on various
flat substrates. The expansion occurs on both hydrogkiig. 4 5c, i) and hydrophobic (Fig.i4
5c, ii). In addition, we observe baseline expansion occurring even on rough or textured surfaces.
Fig. 4 5¢, iii shows baseline expansion on a surface where adhesion does nghNeveuyVet),

preventing adhesion aurfaces was studied more extensively in Chapter 3. (Fog, 4v) shows
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EGaln resting over square posts made from a photocurable polymed p&bkoresist). Upon
decreasing the volume, the drop expands over and encounters adjacent posts. Based on these
results, baseline expansion occurs even on surfaces where pinning does not occur. We hypothesize
the drop sagging that leads to baseline expansion is driven by gravity. To test this hypothesis, we
perform experiments with pendant drops (hanging from need#r) that are expanded and
reduced in volume (i.e., advancing and receding the drop without a substigteg. Ci 3ain

Appendix C shows that upon reducing the drop volume, the drop elongates (i.e. sags) and the oxide
skin buckles due to compressidrhe formation of buckles suggest that surface tension of the
oxide-coated drop is not isotropic. Similar buckling and4motropic surface tension behavior has

been observed on pendant drops of bacteria films &gi(feig. G 3b) as well as a frestandng

polymeric shell (Fig. €3c) 5!

After the baseline expansion, d gradually |
value. We refer to this portion of the recedi
near~120° inRegime B regaidss of the chemical composition of the substrate. Upon removing
further volume from the drop, d begins to sha
receding measurement (at the onset of the sec
continues to decrease until either much of the volume of drop is removed or the needle detaches
from the drop. It should be noted that not all the liquid from the drop can be removed during
Regime C, even if the needle is within 100 microns of the surfateh was the resolution of
actuator in our experimental setup. As a result, there is always metal residue on the surface for any
substrates in which the oxide pins.

Perhaps more importantly, drops of the metal never truly recede from the dioetdce

to the pinning of the oxide. That is, after the baseline expansion in Regime B, the baseline of drop
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remains pinned to the outer perimetéigure 4i 5a shows that the interfacial contact area of the
drop (i.e., area of sessile drop in contact with substrate) remains constant through the end of the
experiment. Fig. ¥6b shows an exploded view of Fig.5a during Regime B. The increase in
contact area inif. 4i 5b highlights the expansion of the baseline (as the contact angle decreases).
Subsequently, the contact area remains constant due to pinned oxide. Thus, the residue of liquid
metal observed at end of the experiment is due to pinning of oxide tolisteate.

In addition to interactions with the substrate, the oxide also modifies the interfacial tension
of the metal; this change in interfacial tension makes contact amglasurementdifficult to
interpret becausihe contact angleepresents a balae of interfacial forces at thgerimeter of the
dropPTo further complicate the interfasknjs itos
not isotropic (unlike conventional liquids). Consequently, the interpretation of contact angles for
liquid metals is significantly more complex than water and perhaps misleading if interpreted in the

same way as fluids such as water.
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Oxide spidetweb patterns
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Figure 4-6: Oxi de -Wweaipd de e s itidaunecrogrdph of EGam residue on flat 8Uhydrophilic) after

dynamic contact angle measurement. Green background is due to polarization of light. Scale bar is 1.0 mm, (b) Optical
micrograph of EGaln residue on hydrophobic substrate (fluoropolyiRed).and green dotted lines indicate radial

fibers and concentric rings, respectively forefb Scale bar is 1.0 mnfor (b), (c) Optical micrographat 5

magni fication at the edge of the drop from il@&ge in (
magnification within the drop. Diagonal lines show pinning of the drop during advam&aguremeniScale bar is

50 ¢ m. tical raiQrogréph at 100x magniit i on of (b) between two radial fi be

We utilized optical and electron microscopy to verify the pinning of the oxide to the outer
perimeter of the dropFigure 4i6 shows optical micrographs of EGaln drops on-&U
(hydrophilic, Fig. 46a) and FluoroPel (hydrophobic, Fid.6b); the drops are iaged (topdown)
upon completion of the dynamic contact angle measurements. For both substrates, concentric rings
span the drop from the center to the outer perimeter, which are marked by green dotted lines in
Fig. 4 6. In addition, there are radial residusf metal that extend from the center of the drop to
the outer perimeter, which are marked by red dotted lines in Fog.Tégether, the features from

the drop residues resemble the pattern of a spider web; henceforth, we refer to these patterns as
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A o »espiletw e b s . G 6¢cBhogs.a zabmed view of the outer edfehe oxide spideweh.
This image reveals the several concentric rings at the edges of the oxidensghdénese outer
rings are closely spaced relative to the rings within the drop, venekhown in Fig.46d. The
rings at the outer edge may be indicators for the baseline expansion effect. Meanwhilegdrig. 4
shows the rings on the interior of the drop may be from pinning during the advareasgrement
of the drop (i.e., pinning asdldrop is expanding or spreading over the substrate). FigiBes, 4
b, and c also shows that the radial fibers extend from edge of the drop to its center, where there is
a conical shaped residue of the liquid from the needle. F&g dlso shows that red fibers are
not attached to the substrate but instead pinned to the concentric rings (based slight difference in
the focal planes that allow us to sharply image either the rings or fibers). This observation suggests
that the radial fibers are from theterior of the hemispherical drop that collapse onto the substrate
during the recedingneasurementThese fibers form due to buckling of the oxide during the
recedingmeasurementsvhich are also visible from sidg@ew cameras during dynamic contact
angle experiments. During Regimes B and C, the oxide layer presumably maintains constant
surface area on the exterior of the droplet. Consequently, the oxide forms buckles and wrinkles to
accommodate the shrinking volurdé* This buckling likely stiffens theurface and affects the
ability of the drop tdlow freely andminimize energy; accordingly, these radial fibeisible on
the micrographs aré@ a r t ioffthe buickéing of the hemispherical drop. Interestingly, at higher
magnifications, we alsoobsetveh i n f i bers (~1 em, in diameter)
the radial fibers and concentric rings, which are shown within green dotted lines ingég. 4

Overall, the oxide spideweb pattern appears for all cases when pinning sabestrate

occurs. The complex featudd these patterns reflects the unusual wetting and adhesion behavior
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exhibitedby oxidecoated liquid metalsVioreover, they provide further evidence that libaid
metal never truly recedes from the substrate because thepixsd® the perimeter of the drop.

We reasoned that the formation of these spidel patterns may be useful for patterning
the metal either to form thin fibers or thin films of the liquid metal. To demonstrate the formation
of these membranes, we perfogilgnamic contact angle measurements over patterned post
structures. To form these structures, we pattern8Suking directvrite photolithography
(Hei del 1®&n1ny ¢RGo0 square posts with a width of
the posts in e direction. To promote pinning to the posts, we treat the posts with an perfluoro

alkyltrichlorosilane; the chlorine groups on the silane may be reacting wi) &tlich comprises

of epoxy groups and thereby promotes adhesion.

Figure 4-7: EGaln dynamic contact angle experiment on square posts made frédm SU1 00 e m squares,
em spacing). (a) EGal n advancinmgsuremetiReginte@n Fon(a)rarmgb), d ue at
needle diamer of 0.39 mm serves as a scale bar. (c and d) Optical micrographs of oxide residue on square posts. The

radial fibers suggest a thin film or membrane of oxide
of oxide membrane (blue circle) betve n post s (white dotted | ine marks the
SEM i mage of oxide membrane (blue circle) that is rupt

SEM Operating Conditions {g): FEI Verios 460L, 2.00 kV, 1BA, 6.1 mm WD with TLD detector in secondary
electron mode
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Figure 4i 7a shows sideview images from contact angle experiments of the liquid metal
drop resting on the posts. The liquid does not penetrate the void space between the posts due to a
combinatia of Laplace pressure and oxide adhesion to the edges of the posts. After receding the
metal, a spideweb formation remains atop the square posts, as shown ini Fig. At the outer
edge of the drop, the oxide appears to pin above the posts (as shegindiryb); as a result, the
drop exhibits periodic concave pattern for the outer edge of the drop (instead of a smooth curved
pattern on a flat substrate). Interestingly, a thin film or membrane of a liquid forms appears
between the posts. These membraaes apparent when comparing the contrast in the areas
between square posts within the drop, relative to the area between square posts on the outside of
the drop. Scanning electron microscopy of the samples (Fige 4nd #47f) confirms the
formation of tese membranes (blue circle in Fig7é) between the posts (marked by white dotted
line in Fig. 4 7e). In some areas, the membrane appears ruptured (marked by red circlesiin Fig. 4
7f), yet still overhanging areas between the posts. These images suggpstrtimg of the liquid
metal may be useful in forming thin membranes or films of metal oxides.
Slidinganglemeasurements

To further examine oxide adhesion to surfaces, we measure the tilt angle at which the
droplet rolls.Tilt angle experiments in thiwork involve gacinga drop of liquid metal against a
test surface that rests horizontaMext, the surface is inclined slowly and the angle at which the
drop rolls is reported. As the droplet subsequently propagates across the surface, the metal will

leave residue ifipinst o t he surface and-weitltli nngodt siumr ftahcee sc
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EGaln on FluoroPelTM

Pinned drop

EGaln on 300 ulL FluoroPelTM

Rolling drop

Figure 4-8: For sliding angle experiments-€, a drop of liquid metal is placed atop a surface of interest, vidiich

oriented horizontalland subsequently tilted (via a screw under the substdjt&) On FluoroPel, the drop of liquid

metal remains affixed to its original placement due to pinning of the oxide (a, bottom) when tilted ¢o) 30n

NeverWet, the ap of liquid metal readily slides upon reaching aaiigle of 14.8. (c) Sliding angle experiment on

|l arger droplet. (top) Large drop of EGa lwafer,(coateddvith e L) r e
FluoroPelV). (bottom) Drop slidegdlown substrate when tilted to 20°.
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Figure 4i 8 show the results of tilt angle experiments for EGaln on (i) Fluosivpated
glass and (ii) NeverWet coated glass. We choose these two surfaces because they both exhibit high
ap p ardnBGald(>140°) yediffer in surface roughness. As shown in Fig84 a drop of
EGaln (~10nlL) rests on Fluoropdreated glass that is initially horizontal (tilt angle of zero
degrees). Upon increasing the tilt angle td,3BGaln remains pinned to its initial spot of
placement (Fig. #8a). The metal drop remains pinned at its spot of contact all the way to complete
inversion (i.e., 189. In contrast, a drop of EGaln on NeverWet rolls readily upon tilting td°14.6
+ 2.3 (Fig. 4 8b). More importantly, the metal drop doex feave behind a trail of oxide residue
on the NeverWet substrate as it rolls down the incline. For the case of EGaln on FluoroPel, the
adhesion is likely due to the pinning of the oxide and yield stress of the nativé?®ixXithe. force
of gravity cannbovercome the yield stress of the oxide, which prevents the liquid from flowing.
We hypothesize that drops of larger volume flow or roll due to the force of gravity
overcoming the yield stress of the oxide.do so, we repeat tlexperiments with largarolumes
(100 to 300m.) of EGaln (Fig. 48c). Indeed, large drops of EGaln slide along the surface of
FluoroPelat high tilt angles (>45° However, airail6of oxide does not always form as the drop
slides along the surface of FluoroPel. If a dropasetl gently onto the surface, there is no pinning
and the drop will roll along the stage once tilted. Meanwhile, dispensing the drop against the
surface (i .e., smearing drop) results in a tr
slides down the tilted surface. In contrast to EGaln on FluoroPel, EGaln on NeverWet does not
leave residue after rolling across the tilted sample; this result occurs irrespective of whether the
drop is placed gently on the surface or smeared. These resultsaigent with other work from

literature that report the dependency of force of contact with the substrate with irreversible
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adhesion[*14257581|n fact, recent work suggests that the oxide may rupture beyond a threshold
normal force of ~4 mNp®!

In addition to the drop placement, several other factors may complicate the sliding angle
experiments for liquid metals. The oxide exhibits a yield stress, which presumably suppresses or
delays the movement or flow of the metal. Such is the case even widenadhesion does not
occur. For example, on NeverWet, liquid metal droplets slidd.&t + 2.3. In comparison, water
slides readily closetd to 3°.1 f gravity is the driving force
EGaln, which is six times denseathwater, slide at lower angles? Instead, the oxide mechanically
stabilizes the metal drop and prevents the drop from moving until the force of gravity overcomes
the yield stress and force at the contact line due to the balance of surface tensionsoir) i
size of the drop is an important factor for these measurements. Ideally, drops should be at or below
the capillary length of the liquicd~3.3 mm for EGalf 1 8 amdl2.)y mm for Diwategr 1 0)) € L
so that gravity and surface tension adequately balance@®ecause the oxide envelopes and
mechanically stabilizes the drop, it is difficult to form drops that uniformly sized. Due to the
formation of oxide O6tipsé, the center of grav
thesemechanical considerations complicate the results and subsequent interpretations of the
sliding angle experiments. Similar observations regarding the geometry of the drop have been

reported for watelP!! Overall, these sliding angle experiments cannoalgfipredict whether the

liquid metal will adhere to a given substrate.

Discussion
The results presented here, along with other work in literature, suggest that traditional
wetting tools (contact angle and sliding angle) are complicated for-oriaed iquid metals.

Notably, it is not meaningful to use contact angle of water or other probe fluids as a determinant



for whether oxide adhesion occurs on a surface. Likewise, a contact angle for the liquid metal can
be measured because an angle can be drathwe @bntact line. However, this angle is not the
Acontact angled from the Youngds equation, wh
necessarily only surface tension). In the case of advancing liquid metal, the contact angle appears
due to tke surface tension of the metal and the mechanical force required to yield the oxide and is
therefore always large. During the receding measurement, the pinning of the oxide and sagging of
drop causes the drop to change from a convex (i.e., spherical mphenical drop) to a concave
curvature. During this process, the oxide on the exterior of the drop collapses onto the substrate as
further liquid within the drop is removed. Accordingly, the measured angle during receding
measurement is not reflectivetbg local variation in the surface energy of a substrate, but instead
altered by pinning of the oxide and sagging of the drop.

The purpose of this work is not to discourage the use of these tools; they do indeed provide
route to arrive at a binary conclasi either adhesion occurs on a substrate or not. This
determination is important from a practical standpoint. Instead, we caution researchers to not
utilize these measurements as a quantitative tool.

Moreover, this work encourages new methods to quéiaétg and more accurately assess
the wetting and adhesion of oxideated liquid metals. One promising tool is to utilize either a
tensiometet*”%8 or surface force apparatli®®” to measure pulbff forces. These tools are
available commercially ahcan also be custetyuilt with the careful choice of load cells and stage
actuators. Concurrently, utilizing optical microscopy from sigev as well as bottomiew
(inverted) are necessary for observing the interface during the measurement; in pattieula
imaging is necessary for determining whether the oxide is ruptured upon contact. Moreover, the

simultaneous use of microscopy (to measure the change in contact area) vathfprutkes would
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be necessary to utilize JKR theory or other theoriesqfantifying adhesioR® Similarly,
capillary meniscus dynanomemtry (CMD) may also provide similar fdttes.

One important consideration for puaff forces, which has been reported in literature, is
whether the oxide ruptures during the experim&#tif the oxide is not ruptured, then the pull
force will indicate the adhesion between the native eglde and the substrate. However, in most
cases, the oxide ruptures and a new oxide presumably forms. For practical considerations, it may
be importantto rupture the oxide during the measurement (i.e-]Jqae the drop). In addition,
rheology and tribology measurements may be useful for examining the metal under conditions of
shear (i.e., microfluidics, direstrite printing)!®? The friction of a sulsate may play an
important role in whether an oxide ruptures under the shear and thus these tools may be useful for
assessing this scenario.

Because the adhesion of the metal can be either useful or problematic, depending on the
application or eneuse, itis critical to understand how to control its adhesion. Therefore, what
drives adhesion and unusual wetting behavior of these liquid metal to other surfaces?

In addition, the adhesion may be driven by intermolecular forces between the substrate and
liquid metal. The presence of an oxide and an underlying metal that can oxidize upon exposure
further complicate the potential interactions. In addition, the surface of the liquid metal may be
charged. Thus, electrostatic attraction (if the surface is positthelgged) may be possible route
to adhesion or patterning of the metHt536% A substrate does not netadhold charge across its
entire surface to promote or cause adhesion. The micrographs presented ii6 Fagd 4 7
suggest that pinning occursaertain locations. Therefore, localized charges may be sufftent
induce pinning and subsequently leave behind residues of the drop. Another possibility that leads

to adhesion is the presence of van der Waals (vdW) forces; the presence of oxygea tiaeth
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or hydroxyl groups in some cases may allow for vdW forces between the liquid drop and substrate.
From a practical consideration, raniformity in the chemical composition or morphology of a
given surface or coating may be sufficient to either egpisning or expose an underlying
6adhesived surfaces (i .e., Si wafer or gl ass
Another possibility for the adhesion may be the formation of chemical bonds between the
metal drop and the substrate. For the case of glass, silicones, and silieateg/gén from the
metal oxide may react with the surface hydroxyl group. For metal substrates, alloying and
interatomic diffusion are the Ilikely driving
Conclusions
This work cautions the use odnventionatontad angle experiments for liquid metals that
possess surface oxides. From dynamic contact angle measurements, advancing angle is high due
to its larger surface tension and the need to rupture the oxide during exphasgiever adhesion
still occurs toflat substrates. During the receding measuremdmesdrojet pins to the substrate
andnevertruly recedes from the substrate (hence, does not reach an equildomtact angle
Moreover, the oxide o6éskind maintains a const :
decreaseduring this procesghe contact line of the drop exparmgwarddue to sagging of the
drop. Thereafter, a residue of the collapsed oxide remairtheosubstrateThe formation of
buckles and wrinkles, in addition to the baseline expansion, suggests that the surface tension of
these drops is not isotropic, which further complicates the interfacial behavior of these liquids.
Similarly, sliding angle egeriments are not useful either due to adhesion of the drop as well as the
yield stress of the oxide. The results from these experiments differ based on how a drop is placed

onto a surface.
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Ulti mately, because of t hel @9 esreencreotofi rmanf a

angl eso based OveralYtbhesenrgsalts suggest that the numerical values of
conventionaltools used to assess wetting should not be taken at face value. Instead, these
measurements provide only a binary respoassieer oxide adhesion occurs or not when the native
oxide is ruptured. Alternatively, pudiff force measurements may serve as more reliable tools for
guantifying adhesion; however, challenges remain due to the properties of the oxide skin.
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CHAPTER 5
STRETCHABLE BIOELECT RONICSd

CURRENT AND FUTURE?

2 This work is published iIMRS Bulletinin 2017 withMickey Finn IIl, Siew Ting Melissa Tan,
Michael D. Dickey, and Darren J. Lipoms cecontributors. Full citation below:

Joshipura, I. D., Finn, M., Tan, S. T. MDjckey, M. D. & Lipomi, D. J. Stretchable
bioelectronicd Current and futuredViRS Bulletimd2,960/967 (2017).
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Abstract

Materials used in wearable and implantable electronic devices should match the
mechanical properties of biological tissues, which are inherently soft and deformable. In
comparison to conventional rigid electronics, soft bioelectronics canderaccurate and real
time monitoring of physiological signals, improve comfort, and enable altogether new modalities
for sensing. This article highlights recent progress, identifies technical challenges, and offers
possible solutions for the emergingldieof stretchable bioelectronics. We organize the content
into three topical categories: (1) biological integration of soft electronic materials, (2) materials
and mechanics, and (3) soft robotics. Finally, we conclude this article with a discussion on the

outlook of the field and future challenges.

Introduction

Materials used in wearable and implantable bioelectronic devices need to be soft and
deformable to form intimate mechanical interfaces with biological tissue to enable effective
biochemical and plsjcal sensing, delivery of localized therapeutics, and restoration of damaged
tissuest 2 These types of deformable sensors and power sources, combined with soft actuators,
permit soft robotic devices that can both #Afe
devices that can provide tactile or kinesthetic cues to the user.

The contat of this article is based on scientific progress presented and discussed at the
MRS/ Kavl i Future of Materials Workshop on AFI
was held after the 2017 MRS Spring Meeting. This article covers biological indegoditsoft
electronic materials, materials and mechanics, and soft robotics, and concludes with a discussion

on the outlook and future challenges associated with the field. Bioelectronics is admittedly a large



field with a long history. We restrict ourtantion, in the interest of space, to bioelectronic devices

whose key characteristic is mechanical deformability, which were the subject of this workshop.

(a) Materials & (b) Soft
Mechanics Robotics
B s 25

i

~ Stretchable
§_ipe|ectronic_s

(c)

drug delivery electrode

-

—

S

interconnect
elastomeric substrate % ]
dura mater spinal tissue

Biological
Integration

\

Figure 5-1: A Venn diagram shows the organizatioihstretchable bioelectronics into three categories: (a) materials

and mechanics, (b) soft robotics, and (c) biological integration. (a) lllustration of stretchable rechargeable battery

using hydrogel and conductive paste. Reproduced with permission fedeneRce 13. © 2013 Royal Society of
ChemistryQb) Soft robotic gripper that uses an optical signal feediagdense and handle soft and fragile objects.
Reprinted with permission from Referemecea, 6 9impiteadD016 AA
into damaged spinal tissue to restore its function. The device consists of a patterned microfluidic device that enables

drug delivery and soft and flexible electrodes to transmit an electrical signal and excite surrounding nervous tissue.
Reprirted with permission from Reference 15. © 2015 AARSR)id to Stretchable: Challenges

There are several challenges associated with creating stretchable bioelectronics, such as
unwanted changes in the electrical properties resulting from deformation, mechanical mismatches
between materials, integrating sources of power, and environmeiiatystdo elaborate on the
first of these challenges, most materials exhibit an incidental change in electrical conductivity in
response to strain and change in temperdtsteetching an isotropic conductor produces an
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increase in resistance. Likewise, shanaterials have a nonzero temperature coefficient of
resistance. Therefore, a challenge in stretchable electronics is to produce stvktchiring

whose resistance is invariant with strain and temperé&fukéaterials intended to have a strain
resporse can measure voluntary motions, including facial expressions and involuntary motions,
such as pulse and respiratfdh.Other mechanisms of detecting motion and pressure include
capacitive sensing and resonant frequencies of patterned metals. Weavatds dey also
measure other physical signals such as forms of electromagnetic radiation (i.e., visible light and
UV radiation)!®!? Finally, these materials may be utilized as wearable or implantable energy

harvesting devices, such as a stretchableryatis shown irFigure 1a).*3
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Figure 5-2: (a) Graphene is printed onto a thin, flexible polymer to form (i) a transparent electronic tattoo. The
serpentine pattern of the graphene traces allowsfiniction while undergoing deformations. The top image shows

the tattoo in its relaxed state. Due to the elasticity of the tattoo and skin, the tattoo can function while being compressed
(middle) or stretched (bottom). The tattoo sensor can monitor phgaialcactivities, (ii) electroencephalogram

(EEG), (iii) electromyogram (EMG). The EE@rssor is placed on the forehdadleft) to measure neurophysiological
activities such as (right) blinking of eyelids. (iii, left) The EMG sensor is placed on tharfioto show sensing of

muscle movements, such as hand clenching. A common commercial sensor is placed nearby the tattoo sensor to
benchmark the performance. (Right) The accuracy of the tattoo sensors and commercial sensors are similar. Adapted
with permision from Reference 23. © 2017 American Chemical Society. (b[i]) Three individual electrodes are screen
printed onto a nitrile glove to (ii) serve as a traditional theleetrode electrochemical cell (ii). Scale bar = 10 mm.

(Left, ii) The three electrodeare printed onto the index finger. (Right, ii) The thumb contains a collector pad that
accumulates or gathers the chemical or biomarker of interest. The collector pad contains immobilized enzyme (OPH)
that reacts with the biomarkers. (iii) The electrodesprinted on a glove, and the sensors are flexible and stretchable

up to 50% of its original length. Scale bar = 10 mm. The electrodes sense electrochemical reactions with (iv)
biomarkers and (v) chemicals based on a change in current. (vi) A portédidipstat is placed onto the back of the

hand and wirelessly transmits a voltamogram to (vii) a mobile device. The inset of (vii) shows (I and Il) the three
electrode pins that are placed on (Ill) an adjustable Velcro ring. Adapted with permissiorefienene 34. © 2017
American Chemical Society. Note: OP, organophosphate; OPH, organophosphate hydrolyase; R, any chemical group
containing a hydrocarbon that is attached to the chemical functional group.

Biological integration refers to wearable and inmpédble devices that monitor
physiological activities# ¢ either sense or regulate biochemical and metabolic procésses,
deliver drugs®?! Biological systems also provide inspiration for new sensing and actuating
mechanisms. For example, mechangpémes in the skin convert pressure into an AC signal that
is registered in the brain as touch. Similarly, this concept has been demonstrated using printed
organic pressure sensors and other circuit elements on thin plastic foils. Using techniques of

optogeaetics, it was possible to transmit this signal to simulate neumogo. Sensors from this

12C



work and others show promise for integrating touch sensation and feedback to damaged limbs or

prostheticg???An example of a flexible device implanted infwrsal tissue is shown in Figure 1c.
Devices worn directly on the body need to be thin (or inherently soft) to conform to the

topography of the skin. Devices meeting this criterion have been called epidermal elettronics.

Such conformal devices can measwx range of physical and chemical signals. Epidermal

electronic devices also contain antennas that transmit data to mobile phones and computers to

provide instantaneous and r¢@he monitoring? Thin and transparent devices worn directly atop

the skin ag also called electronic tattodigure 2ashows electronic tattoos made from graphene

that monitor heart and brain activity, the results of which were on par with commercial £énsors.

MC-10, Inc., which commercializes epidermal electronics, recentlyuaroed a disposable patch

that uses UVsensitive dyes to monitor sun exposure; this patch is made in partnership with

L6 Or'aTehle. patch wirelessly transmits data to t|

epidermal electronics is imperceptiblelectronics?*2*While the difference between these terms

is not distinct, the latter emphasizes the mechanical invisibility of devices when worn on the skin.

Recentl vy, the devel opment of Ai mperceptible e
ultrathin plastic foils§2 & m) , all ows such devices to funct
24,25
e m.

While sensors of physical stimuli have a ubiquitous presence in the wearable electronics
community, a new vein of research is emerging that focusemsimgehemical signals, including
biochemical markers. For example, collecting and sensing analytes if%#eatolood?® in a
minimally invasive or noninvasive manner, are growing in popularity. Similarly, sensing volatile

organic compounds and toxic gases is important for monitoring environmental iéa8ome
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recent encouraging results include organic thin films ¢oimigcatalytic particles that are capable
of detecting disease markers in the bréath.

Alternatively, electrochemical reactions can be useful for monitoring levels of glucose,
alcohol, and electrolyteS.One approach involves screen printing condudtike and pastes onto
textiles or thin polymers to form electronic tattédBevices that are integrated with textiles can
withstand numerous laundry cycles of washing and drying. The printed material consists of carbon
or silver electrodes with immobilked enzymes to sense compounds of interest. Similarly, Figure
2b demons ton@lt ®se @ aAyibwa tith printed sensors to detect harmful chemical
agents or allergens, or identify different objettShere is hope that such soft and stretchable

electrochemical sensors may eventually interface directly with the nervous $$tém.

(a) Electrode ‘Islands’ with Serpentine ‘Bridges’ (b) Hydrogel-based Touch Screen Panel
Stencil Squeegee Hydrogel touch panel (3mm)
E- 2 =
5 ; : M= A3
* VHB (1mm)
Before Attached

attachment } ¥
Z Touch
L I ! 1

Touch Point
(a, B)=(05,05)

i .
5 10 15 20 25 30

Time (sec)

Figure 5-3: Materials and mechanics. (a) (Top) A wearable tattoo sensor is composed ofsorsehmetal contds

(islands) with serpentinshaped bridges. (Bottom, left) Several types of conductor materials (carbon, Ag/AgCl, and

CNT) can be screen printed. (Bottom, right) The serpentine bridges serve as stretchable interconnects. Adapted with
permission from Refence 39. © 2017 Wiley. (b) A hydrogel piece mounted on (top, left) of 3M very high bond

(VHB) film is utilized as a (top, right) wearable transparent, conductive touch screen. The touch sensing mechanism
works based on change in (bottom, left) current. dlmkors demonstrate a (bottom, right) togcheen for writing,

playing music (not shown), or games (not shown). Reprinted with permission from Reference 50. © 2016 AAAS.

Note: CNT, carbon nanotube; AA4, separate current collectors that provide thetionaand sensitivity of the touch

point; U, b, normalized Cartesian coordinates on the h
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Materials and mechanics

The development of materials that combine stditthe-art electronic properties with
mechanical softness, along with bioompatibility, is central to stretchable bioelectronics.
Elastomers (e.g., silicone rubber, thermoplastic polyurethane, and natural silk fibroin) and
hydrogels (e.g., polyacrylamide) often comprise the bulk of stretchable bioelectronics devices
because thy ar e sof't (Youngbs modulus <10 MPa) a
considerable efforts to develop soft conductive materials that are also highly stretchable, including
a conductor with up to 1000% stretchabifityFor most biological applicationshowever,
stretchability commensurate with that of huma
the remarkable progress made in achieving high stretchability in conductive composites suggests
that other goals may take priority. These goals mheliut are not limited to, improving electrical
conductivity, developing intrinsically stretchable semiconductors, improving adhesion and strain
relief at dissimilar interfaces, and achieving enettiggrvesting capabilities.

There are several strategi@sachieve stretchable conductors. A common strategy is to
create composite materials of elastomers and conductive fillers, such as carbon nanomaterials or
silver nanowires. However, there are several disadvantages to using composites, including lower
conductivity than metals and hysteresis from stretciindnother approach is to pattern
conductive traces into serpentine shapes around rigid electronic components (i.e., capacitors or
transistors§® Upon stretching, the serpentine patterns straighten @umnaintain electrical
conductivity. Figure 3a shows an example of serpentine electréd@sth composite materials
and those with serpentine traces have finite limits of extensibility (i.e., maximum strain before loss
of conductivity). Alternatively, onenay use intrinsically stretchable conductors, such as organic

conductors (e.g., conjugated polymer&) 43
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Similarly, roomtemperature liquid metals, especially eutectic alloys of gallium, are also
promising soft conductor$:*® These classes of metai®ssess low toxicity, display higher
electrical conductivities than composites, and are softer than biological tissues. Due to their fluidic
nature, they retain conductivity while undergoing large deformations and arehsaling.
However, gallium diffges into many metals, which poses a materials challenge fotdong
used4 48

A new form of stretchable conductor has recently emerged based on ionic hyfftogels.
Hydrogel materials are wedluited for implantable devices because they are soft and
biocompatible. Like biological systems, hydrogels transduce signals over long distances using
ions. While optical transparency is difficult to achieve in conventional electronic conductors,
ionically conductive hydrogels are inherently transparent bec#usg comprise mostly
water®®Figure 3b demonstrates transparent tesmieen panels that register pressure through
changes in capacitané®.Recent studies have attempted to increase the stretchability and
toughness of ionic hydrogels and also to rendemtkelfhealing6-5757

A major challenge with ionically conductive devices is that they are limited to a narrow
operating voltage due to electrochemical reactions that can take place within the material.
Moreover, ionic systems also suffer from larggp@dances at interfaces with metals; likewise,
corrosion is also a risk at this interface. Fortunately, there has been progress on overcoming issues
with electrochemical reactions at the hydrdgéctrode interface. This involves placing a
dielectric capaitor in series with the hydrogel to lower the voltage across the hydrelgetrode
interface?®® This approach has enabled transparent ionic actuators, which can also be useful for soft

robotics.
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Mismatch of mechanical properties at the interface of @odt rigid components is an
ongoing challenge. Various approaches have been developed to reduce the strain at interfaces.
Notabl vy, serpentine patterns minimize strain
onto prestrained elastomers, the twdimensional serpentine structures traftsm into three
dimensional (3D) buckled structures to improve stretchaSflity Another approach to reduce
strains at softrigid interfaces is to use modulus gradients that dissipate the buildup of stress; that
is, to place several materials of varying elastic moduli at the intéffétddowever, this approach
may add unwanted thickness to a device or complicate processing steps. Adhesion of soft
components to a variety of surfaces can also be accomplishedtubirgy Asuper gl uedo
which makes it possible to bond hydrogels with elastomers by creating a dispersion of
cyanoacrylates with organicsolvefté n addi ti on, bioinspired fdadhe
such as the suction cups of cephalogBasn der Waals forces inspired by geckRband catechol
chemistry, which are a class of organic functional groups found in many living systems, most

notably by mussel®:®
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Soft Robotics

(a) Elastomeric Gripper (b) Direct Ink Writing (DIW) of Soft Actuators

Electrical Underlying

contacts pneumatic
chambers

Wiring

4 Pneumatic
—1.25 cm tubing

Figure 5-4: Soft robotics. (a) Elastomeric grippers are produced by molding an uncured elastomer. (Top) A gallium
alloy liquid metal is injected into hollow cavities of the elastomer to form a monolithic conductive element. (Bottom)
A pneumatic feed inflates cavities wilir to actuate the gripper. Scale bar = 1.0 cm for both top and bottom images.
Reprinted with permission from Reference 47. © 2015 IEEE. (b) Soft pneumatic actuators are fabricated with direct
ink writing of two different inks. (Top) A side view image shothe architecture of the soft actuator, which consists

of embedded pneumatic chambers with adjacent electrical conductors. Metallic wiring and pneumatic tubing (shown
at bottom of image) are embedded within the composite. (Bottom) The two inks (onelotthom hydrogel and the

other of an insulating elastomer) are printed in an alternating fashion and cured under UV light. Electrical contacts
from metallic wires and tubing for pneumatic control are embedded within the hydrogel material. Reprinted with
permission from Reference 75. © 2015 Elsevier.

Soft robots are networks of sensors, actuators, and controllers that perform specific tasks.
Similar to flexible and stretchable bioelectronic devices, these robots are made of soft materials.
This field drawssignificant inspiration from nature, especially from cephalopods (e.g., octopi and
squid). These living organsms are inspirational because they are composed almost entirely of
soft materials, can perform tasks (including problem solving), and are autasty powered. In

particular, octopi are interesting because they can alter their skin color and texture on demand to
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camouflage with their surrounding environmeff® Figure 165°shows an example of a soft robot

that manipulates or interacts with fregobjects without sophisticated control mechanisms. The
force an elastomeric actuator can exert is-lgmited by the material itself. Soft robots must be

robust to be useful; they should be capable of exerting or receiving large forces without failure.
Like octopi, soft robots could also be made to have displays or color outputs that are either static
or dynamic, based on the environment, with capabilities of highOBN switching and a range

of color./% 72 Soft robots can also change size and shapetober access fdeni ed
human presence in hazardous environments (such as in search and rescue operations). Finally, it
seems likely that devices designed for hummaachine interfaces (e.g., androids) will have soft
components.

Soft roboticshas stimulated the development of several manufacturing technologies.
Conventional forms of soft lithography use planar masters with a single level of relief, which are
features that appear as protrusions from a background plane (i.e., elastomer tratty dnbights
of protrusions based on a mold). However, a single level of relief may be insufficient to generate
complex curvilinear structures. Therefore, recent focus has been onvdiiterg and 3D printing
of elaste mers and hydrogeR$:5%7374For exampleFigure 4a shows a recent approach that
involves direct ink writing of two different UMurable inké one composed of hydrogel and the
other siliconebased?In general, sensors, actuators, and other components of current soft robots
are all mae of different materials. Fabricating these structures separately and then combining
them may be difficult. Recent progress has yielded astdoe p met hod f or <creat i
soft robot. As shown in Figure 4b, such a robot consists of a moldéahe¢aighat is pneumatically

actuated. Liquid metal, injected into hollow cavities of the elastomer, serves as a sensor*élement.



There are many opportunities for improving integration of different components of soft
robots. For example, a soft robot naymprise many sensors; handling and synchronizing their
outputs with better signal processing would improve control systems and automation, and
integrating sensing and actuation at the molecular and microstructural level. Actuators and
controllers must ats enable higher degrees of freedom for motion to endow soft robots with
complex movements. Likewise, many soft actuators lack either speed or force of actuation to be
useful, especially when compared to soft species in nature (e.g., o&dplesyly, rdots should
function autonomously. However, pneumatic pressure lines tether most soft robots for actuation.
Therefore, Aunt et heringo robot s, per haps by
autonomous function and range of motion. A key challengeita@gdo would be to integrate these
pumps without compromising the soft structure of the robot.

Outlook and future challenges

There are several important challenges that can be identified with respect to biological
integration, materials and mechanicswposources, and the pathway toward devices that operate
in the real world.

Biological integration

Environmental stability of biomaterials is important for lelegmn use. For example,
biological fluids may accelerate degradation, biofouling, or corroé®g., Si leaching) of
implantable devices. Likewise, creating a water (either liquid or vapor) barrier around electronics
is also vital, but such barriers often change the mechanics of the devices due to their thickness.
Within the biosensing research camnity, monitoring interstitial fluids in a noninvasive manner
remains a challenge and an active field of study. Such fluids surround tissues and can previde real

time information on the state of the body, such as stress, or the function of an orgametiow
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accurate sensing by wednle, noninvasive devices is not easy because of the complexities of
biochemistry and variations across individuals, as well as temporal fluctuations of biomarkers in
the body?®

Integrating soft devices with organs and tissisealso a challenge due to issues with
adhesion, especially for @iwélLikewiseagealutingaitifacss as
of motion and electromagnetic interference remain challenges for wearable sensors. An emerging
area that combinesrsging and actuation is hapticsvearable devices that interact with the tactile
and kinesthetic senses to provide a more lifelike experience for virtual and augmented reality.
Materials and mechanics

The interfaces of materials are of great significanak there remain many challenges
related to interfacial phenomena. A major hurdle within soft and stretchable eleérapigsist
bioelectronic8 is the mechanical mismatch at the interface of soft and hard substrates. For
example, the point of failure for st soft devices occurs at the interface of an elastomer and
traditional rigid electronics (i.e., printed circuit boards) needed to interface devices with laboratory
equipment. Improving the toughness of stretchable materials is one route to increasatitieyd
of materials. Alternatively, the ability of a material to dedfal is also an attractive propefty.” '8
Although many systems exhibit séléaling behavior, future work should focus on improving self
healing such that it is rapid and repe&adven when ruptured multiple times.
Power

Performing functions such as sensing, actuating, haptic feedback (i.e., vibrations or other
kinesthetic motions), and transmitting data all require power. Energy sources, whether harvesters
or batteries, shoulthe stretchable, durable, and de#faling, and serve continuously for long

lifespans, where appropriate. In particular, implantable systems require power sources that are safe
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and have longevity on the order of tens of years. For example, patients wighnnpademakers
often undergo followup surgical procedures approximately five to 15 years only to replace the
battery’® Devices for energy storage include flexible and stretchable batt&#f&S and those for
energy harvesting include piezoelectriovides®®®®we ar ab |l e s o™laadrweaiablé i c k e r
biofuel cells that extract energy from sweat Despite recent work on stretchble batteries (as
shown in Figure 1a), these batteries are not yet mature for stretchable bioelectronics. Meanwhile,
organic solar cells are promising for wearable devices, but not practical for implanted systems.
% Finally, the small form factors and the relatively small amount of poweraddé from energy
harvesters require transmitters and receivers to @peititer with low powér or in passive
manners?
Creating reatworld solution

There is an inherent motivation in the field of stretchablediexctronics to create devices
that function in the real world. Because this field is relatively new, thel@sugn academic labs
to make strides toward transitioning discoveries into- igafld solutions. Thus, moving devices
from bench spaces to working prototypes should be encouraged by academic and research
enterprises. Electronics with a focus on healthdarof major interest. It was suggested that
researchers should engage in more collaborations with the medical community (i.e., physicians,
healthcare providers). Researchers should be interested in working with health specialists and take
a needsrased pproach to the development of technology, as opposed to creating solutions in
search of problems.
Conclusions

Conventional electronic devices are made from rigid materials and cannot be easily

integrated or implanted with the biolegial milieu. Becausbiological tissues are inherently soft
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and deformable, bioelectronic devices made of soft and strabltb materials are desirable.
Beyond comfort, the use of soft electronic materials has the potential to provide more accurate
monitoring of physiologicahctivities, such as EEGs and ECGs, by making conformal contact with
the skin. Skin itself provides a biological inspiration for soft electronics because skin is stretchable,
selthealing, and capable of multimodal sensing; researchers are currentlygseskierial
strategies to mimic these functions. In the case of implanted systems, soft or stretchable
bioelectronics offer the ability to monitor the function of organs in real time, regulate metabolic
activities, and in some cases, restore function toag@ahtissues (i.e., paralyzed limbs or nerves).
Likewise, these systems can be integrated with textiles and clothing to enable nevablear
platforms. Opportunities remain to improve wearables, thus allowing users to be more proactive
with managing theihealth. For example, future work could focus on sensors that provide more
medically relevant information for health monitoring, environmental sensing, and medication
compliance. Finally, soft and stretchable materials are important for soft robotic Sytbi@m
provide greater degrees of freedom of movement relative to conventional robots while using
materials and modes of movement that are safe for interfacing with humans. Soft and stretchable
electronics, sensors, and actuators are critical to the mpeeatd function of these soft robots.

This field is still in its infancy, and current systems are far from mimicking the elegance of
biological systems, such as an octopus. In conclusion, we hope this article provides guidance and
inspiration for those dside and within the conmunity and serves as a springboard for new ideas,

challenges, and opportunities.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

Although the presence of the oxide is considered a nuisance, it can be harnessed to pattern
the liquid metal at room temperature and a usgldtrochemical interface. In addition, there are
rich opportunities to reconfigurable the shape of the liquid metal by preventing the adhesion of the
oxide (without removing necessarily removing or modifying the oxide).

It is possibleto electrically actate the liquid metal via CEW; the displacement and
velocities of the metal are comparable with and without the presence of the oxide. Although using
NaOH to remove the oxide allows for larger displacements of the metal, the base dissolves Ga into
the eleatolyte solution that limits its lifespan. In addition, EIS measurements show that the slip
layer enables CEW by exhibiting a large electrical resistance due to it being thin (~200 to 500 nm,
in thickness). Moreover, aqueous electrolytes pose other ojpedldrecause water: (1) changes
the morphology and mechanical properties of the oxide, (2) evaporates over time, and (3) absorbs
RF radiations, which limits its use for reconfigurable electromagnetic (EM) components. This
work shows it is possible to enabBEW in noraqueous electrolytes. Therefore, future work
should address other liquids or interfacial engineering approaches that can: (1) form stable slip
layers, (2) exhibit electrocapillarity, (3) do not absorb EM waves. Finally, the use of optical
interferometry and notinear EIS may provide useful insights on the eletiydrodynamics of
CEW.

Rough surfaces prevent the adhesion of the oxide by creating wetting states that are similar
to CassieBaxter for conventional liquids. This work suggests thagireering the surface

roughness rather than surface chemistry can provide a better route to preventing the adhesion of
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the oxide. Commercialhavailable spray coatings are inexpensive and simple approaches to
renderi ng spuhrdhbaiccets. Tadkeysdan be appliadyto cavities and trenches to
pattern the metal as well as to enable reconfigurability in closed systems. However, these coatings
are limited to ~sub mm dimensions. Therefore, future work should focus on new approaches to
forming roudn surfaces within closed channels; silica flbersed systems may be one approach to
render such -chhamined.s Rowkghesur faces that are
useful for Ohmic contacts as well as for energy harvesting. Using sed&urfaces that promote
pinning of oxide could be useful for forming freanding films or membranes of gallium oxide.
Chapter 4: Conventional tools for measuring contact angles are difficult to interpret for
oxide-coated liquid metals (in comparistmsimpler fluids such as water). During contact angle
measurements, the oxide pins to the flat surfaces, which prevents the metal drops from fully
receding. In addition, the oxide on the exterior of the drop collapses onto the substrate, which
forms a re&lue at the end of the measurement. For sliding angle tests, the measurements depend
on if the oxide is ruptured upon placing the drop on the substrate. Although the interpretation of
the numerical values from these techniques are complicated, thesecdooiill assess the
wettability of oxidecoated liquid metals to a surface (i.e., whether oxide adheres or not).
Performing similar measurements for liquid metals without the presence of an oxide (i.e., in an
inert, oxygerfree environment) would provideseful insights. Future work should explore other
methods (i.e., pulbff forces, interfacial rheology, and tribology) that quantitatively assess the
oxide-substrate interface. Finally, this work studied the effect of surface roughness and chemistry
on theoxide adhesion. It would be interesting to assess whether surfaces with low coefficient of
friction can prevent rupturing of the oxidehanks for reading. Please contact me at via electronic

mail last name followed by first name (one word, no spaceghail dot com for any discussions.
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APPENDIX A

SUPPORTING INFORMATI ON FOR CHAPTER 2

Materials: Eutectic galliumindium (Ga, 75%, wt., In, 25% wt.) is purchased at 99% purity from
Indium Corporation. Sodium hydroxide and sodium fluoride are purchasedSigmma Aldrich
and mixed with MilliQfilter water to form electrolyte solutions. Pt wires (0.1 mm diameter) for
the electrodes were purchased from Sigma Aldrich, stored in 0.1 M sulfuric acid, and rinsed with
DI water before and after use. Glass capil&at®orosilicate, single circular without filaments, 7.5
cm in length, 1.0 mm in outer diameter, and 0.72 mm in inner diameter) were purchased from
Hilgenberg GmBH. Glass capillaries were cleaned with oxygen plasma treatment prior to use.
Minimizing Faradac reactions at electrodelectrolyte interface

This work utilizes Pt electrodes to minimize the electrochemical reactions at the metal
electrolyte interface. We chose this electrode by performing EIS on a capillary filled only with an
electrolyte. We varig the electrode type between platinum (Pt), tungsten (W), and copper (Cu).
Pt and W electrodes avoid Faradic reactions (as opposed to copper (Cu), which is susceptible to
corrosion and electrochemical reactions). As summarized in Table 1, the studieshimtuting
solution resistance was not affected by the electrode for 1 M NaOH solutions but varied for 1 M
NaF. Overall, Pt electrodes consistently provided the lowest solution resista®ice k6q ) . Basec
on these results, we chose to use Pt electrodebdaremaining EIS experiments because they
provided the lowest solution resistance and avoided electrochemical reactions at the electrode

electrolyte interface
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Table A-1: Solution resistance values for QW, and Pt electrodes. Solution resistance values for Cu, W, and Pt
electrodes were measured using EIS of a glass capillary filled with an electrolyte (1 M NaOH and 1 M NaF). Tabulated
values are impedance values at 100 kHz.

Solution Res

Electrolyte| Electrode Cu wW Pt
1 M NaOH 6.0 6.0 6.0
1 M NaF 16 15 8.5

Plug movement characterization

CEW experiments were performed in a glass capillaries, which were first filled with the
electrolyte solution using a disposable hypodermic needle inserted into the edge of the capillary.
Thereatfter, liquid metal was injected into the center of the glgsflacg. When necessary,
electrolyte was added again to the glass capillary to remove any air bubbles. Glass capillaries
rested in a custofhuilt PTFE capillary holder. The capillary holder had rectangular wells on each
end as a reservoir for the electitelyPt wires rested inside the rectangular wells to apply voltage
to the system. AC voltage was applied to end of the glass capillary using a Keithley 4490 Arbitrary
Waveform Function Generator (in highmode).

Movement characterization studies were gerfed with the aid of a camcorder attached
to topview optical microscope through an gyece adaptor. The position of the metal over time
was determined by tracking the center of the metal plug; the measurement was done3dfter 15
seconds after applyinghe voltage to allow the metal plug to reach uniform oscillations.
Displacement was determined by calculating the difference in the position of the metal. Velocity

was determined by calculating the quotient of the displacement over the time step.
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Table A-2: Displacement and velocity comparison for 1 M NaOH for change in voltage (Voltage Ratio) at 0.5 Hz,

1.0 Hz, and 1 Hz.

Fre[cll_luzﬁncy Voltage Ratio Di s Fgaltioa cem( Ve letig ity
0.5 1to0.5 2.36 2.37
0.5 2to1 3.26 3.26
1 2to 1 2.28 2.28
3 2tol 2.31 2.31
Average 2.55 2.55
Std. Dev. 0.47 0.47

Table A-3: Displacement and velocity ratios for 1 M NaF for changes in voltage (VdRagie) at 0.5 Hz, 1.0 Hz,

and 1 Hz.
Frequency [Hz] | Voltage Ratio Dlspllgiﬁ)ment Vggt?gy

0.5 1t0 0.5 N/A N/A

0.5 2to1 1.84 1.84

1 2to1 1.68 1.68

3 2 tol 1.72 1.72

Average 1.75 1.75

Std. Dev. 0.08 0.08

Table A-4: Displacement and velocity ratios for changes in frequency (Frequency Ratio) for 1 M NaOH at 1.0 V and

2.0V.
1.0V 20V
Frequency Ratio Displacement Velocity Displacement Velocity

Ratio Ratio Ratio Ratio

1.0t0 0.5 0.500 1.41 0.70 2.02 1.01
3.0t0 1.0, 0.333 1.50 0.50 1.49 0.49
3.0t0 0.5 0.167 2.12 0.35 3.00 0.49
Average 1.68 0.52 2.17 0.66

Std. Dev. 0.39 0.18 0.77 0.30
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Table A-5: Displacement and velocitytios for changes in frequency (Frequency Ratio) for 1 M NaF at 1.0 V and

2.0V.
1.0V 20V
Frequency Ratio Displacement Velocity Displacement Velocity
Ratio Ratio Ratio Ratio
1.0to
05 0.500 1.19 0.59 1.30 0.65
3'1°0t° 0.333 1.38 0.46 1.35 0.45
3605t0 0.167 1.64 0.27 1.76 0.29
Average 1.40 0.44 1.47 0.46
Std. 0.23 0.16 0.25 0.18
Dev.
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Figure A-1: a) Comparing the effect of a surface oxide on the movement of EGaln plug (~1.0 cm, in Usihggh)

low AC voltages (20Qus to 800 m\kws, sine wave). The closed data points are in 1 M NaOH, where there is no oxide

present. The

open dat a

points

ar e

perfor med

i n

1

M NaF,

of EGaln plug (2 ath 3 cm, in length) in hydrophilllic glass capillary (oxygen plasma cleaned, blue) and hydrophobic
glass capillary (fluorosilangeated, red).

CEW in hydrophobic capillaries

We hypothesize that the slipyer forms because the electrolyte wets the metgl. gihat

is, water forms a shell around the metal plug as it is injected into the capillary. This hypothesis can

be confirmed by performing CEW in a hydrophobic glass capillary (treated with a hydrophobic

silane group). A change in the meniscus of a wdtep inside the glass capillary confirms the

hydrophobicity. Thereafter, weompare the velocity of metal plugsthe hydrophobic capillaries
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vs. hydrophilic capillaries, which is shown Kigure A-1. In comparison to the hydrophilic
capillaries, we obseed some different behaviors in the hydrophobic capillaries. At low voltages
(~1 V), we measured the velocity of the plugs to be similar in both hydraphabihydrophilic
capillaries.At higher voltage (2 V), we found that the plug moved faster in tllrdmnobic
capillary than the hydrophilic capillary. We attribute the higher velocity to either a thinner slip
layer or lower friction at walls of the capillary. In addition, when applying AC voltages to the
hydrophobic setup, the plug would stop after mgvibefore changing the direction of its
movement (i.e., plug stops before moving again). In comparison, the metal plugs move in a
seamless oscillatory fashion in the hydrophilic capillary. One possible reason for this behavior is
the loss and reformatiorf a slip-layer in the hydrophobic capillary. Overall, these results suggest
that CEW is possible in hydrophobic capillaries because water wets the liquid metal to form the

slip-layer.

14¢



Electrochemical Impedance Spectroscopy (EIS)

EIS measurements were figmed using a Biologic SBO0 singlechannel potentiostat.
10-15 mV sine wave (vs. opetircuit potential) was applied to the CEW system inaleztrode
configuration using Pt electrodes. No DC bias was applied to the system. Model fits were done

using EChem Analyst software by Gamry Instruments.
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Figure A-2: EIS spectra of 10 consecutive measurements for 1.6 cm and 3.6 cm plugs in 1 M NaOH. (a and b) Bode
diagrams for 1.6 cm (a) and 3.6 cm (b) showimgedance (left yaxis, black) and phase angle (rightyis, blue).

Error bars are standard deviations(n=10) of impedance (black) and phase angle (blue) for a given frequency. (c)
Nyquist diagram for both 1.6 cm (black) and 3.6 cm (blue). Each dataipd&imta specific frequency. X and y error

bars are standard deviations (n=10)ifBfea and Zmag
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Figure A-3: EIS spectra of 2.6 cm EGaln plug in 1 M NaOH comparing the direction of measured frequeweydF
sweep (blue, square) refers to measurements starting from 1 GHz to 1 Hz. Reverse sweep (red, circle) refers to EIS
spectra measured starting from 1 Hz to 1 GHz.
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Figure A-4: Bode diagrams ((a) impedamand (b) phase angle) from EIS experiments of EGaln in 1 M NaOH plugs
of varying length from no plug (electrolyte only) to 6.5 cm.
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Figure A-5: Photographs of Ga film after 24 hour soak in air (a, leftitred), 1 M NaCl (middle), 1 M NaOH (c,
right). Prior to experiment Ga film is spread over a Si wafer (three inches, in diameter) and soaked into a petri dish
containing the electrolyte. Scale bar is 1.5 inches or 3.8 cm.

Figure A-6: Exploded view of Bode diagram of EGaln (1.6 cm in lehdtbm Fig.2-9d at highfrequency range.

Blue square data points are of experimental data. Black line is the model fit of the Warburg model (with inductor
element). Bue dotted line is a linear fit of experimental data in the region marked by yellow. Slope of fitted line is
3.8. Fitting is performed using Origin 2016 plotting software.
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