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Robust Pressure-Actuated Liquid Metal Devices
Showing Reconfigurable Electromagnetic
Effects at GHz Frequencies
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Michael D. Dickey, Member, IEEE, and Jason Heikenfeld, Senior Member, IEEE

Abstract—Pressure-actuated liquid metal devices are demon-
strated for reconfigurable electromagnetic fundamentals at
GHz frequencies, including tunable dipole antennas, switchable
shielding with 35-dB attenuation, ~ 30-dB polarizer attenuation,
and ~40° diffraction from a linear grating. In addition to a
wide variety of electromagnetic effects, these devices are further
advanced by: being highly physically flexible; in use of nontoxic
GalnSn (68.5% Ga, 21.5% In, and 10.0% Sn) alloy as enabled by
a sealed closed system with an acidic vapor background; and non-
alloying/corrosion-resistant carbon inks for electrical connection.
Collectively, this work addresses a wide variety of electromagnetic
fundamentals, and the device construction advances required for
real-world applications.

Index Terms—Antennas, attenuation, diffraction, liquid metal,
microfluidics, polarization, shielding.

I. INTRODUCTION

AVING multiple or reconfigurable electromagnetic

capabilities within a single device is highly desirable,
however, typical devices are limited in reconfigurability [1],
[2] compared to actual physical re-arrangement of metal con-
ductors to modify apertures, resonance lengths, etc. There is
also increasing interest in physically flexible or conformal
electronics [3], [4], which can improve user ergonomics and
facilitate integration into applications where a rigid substrate is
not possible. Furthermore, both reconfigurable and physically

Manuscript received October 22, 2014; revised January 30, 2015 and April
09, 2015; accepted July 25, 2015. Date of publication August 28, 2015; date of
current version October 02, 2015. The work of B. L. Cumby, D. B. Mast, and J.
Heikenfeld was supported by the Air Force Research Laboratory under Contract
UES-875-060-020 and by the Southwestern Ohio Council for Higher Education.
The work of M. D. Dickey was supported by the National Science Foundation
(NSF) under CAREER Award CMMI-0954321. This paper has supplementary
downloadable material available at http://ieeexplore.ieee.org, provided by the
authors. This includes a PDF document, containing a figure and measured, sim-
ulated, and calculated data. This material is 189 kB in size. (Corresponding
author: Jason Heikenfeld.)

B. L. Cumby and J. Heikenfeld are with the Department of Electrical En-
gineering and Computing Systems, University of Cincinnati, Cincinnati, OH
45221 USA (e-mail: heikenjc@ucmail.uc.edu).

D. B. Mast is with the Department of Physics, University of Cincinnati,
Cincinnati, OH 45221 USA.

C. E. Tabor is with the Materials and Manufacturing Directorate, Air Force
Research Laboratory, Wright Patterson, OH 45433 USA.

M. D. Dickey is with the Department of Chemical and Biomolecular Engi-
neering, North Carolina State University, Raleigh, NC 27695 USA.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2015.2470244

no vacuum
liquid metal polyim{de spacer A no vacuum
/ "
n
polymer film : W
1 1 = |+
Rl cnli |
R R | , vacuum
ARSI \if/\/\\UJ‘U <]
| ]
2 )
vertically _/J , . ; ;
textile  porous film  actuation .
pouch 5
H . ' : : no vacuum
\J \J \/ \J 1 vacuum
-
n
| |
Ujl:l_m .
|
:::::::::::::::::::::::: [ ]

no vacuum

ARSI U

"

| |

L
vacuum

Fig. 1. Diagram of a reversible vacuum pressure-actuated liquid metal device

(left) and photographed examples including antennas, shields, and polarizers
(right, top to bottom).

flexible electromagnetic devices combined could enable an
array of applications that are not being envisioned by those
pursuing either attractive attribute alone. Our working group
and others have now shown that liquid metals can lead to
significant reconfigurable [5]-[8], self-healing [9], and even
stretchable devices [10], [11]. However, previous works have
not examined a larger fundamental set of electromagnetic
capabilities of fully sealed and reliable devices that bring
experiment closer to application.

We report here an extension of our most recent work [12]
involving pressure-actuated liquid metal devices (Fig. 1) with
fundamental electromagnetic capabilities within the GHz
regime spanning tunable dipole antennas, switchable shielding
with 35-dB attenuation, ~ 30-dB polarizer attenuation, and
~40° diffraction from a linear grating. These devices consist
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of inherently flexible materials, use nontoxic GalnSn (68.5%
Ga, 21.5% In, and 10.0% Sn) alloy, employ nonalloying/cor-
rosion-resistant electrodes, and are implemented in a sealed
closed system with oxide-preventing acidic vapor background.
In this paper, firstly, details are provided on novel device at-
tributes spanning from basic materials to system-level design.
Next, each electromagnetic demonstration is discussed in de-
tail, one-by-one, including unique device aspects, experimental
results, and comparison to theoretically modeled behavior.
Although the devices in this work are specifically designed
for the GHz regime, geometrical scaling and design allowing
for predicted droplet size and placement [13] can lead to a
wider range of applications ranging from MHz to THz. With
fundamental capabilities now demonstrated, and requisite
device construction better understood, the utility of these liquid
metal devices can be more broadly and accurately envisioned
for real-world applications.

II. DEVICE AND SYSTEM-LEVEL DESIGN

While the basic physics of the pressure-actuation method
used for the liquid metal devices is reviewed here, a more
detailed description can be found elsewhere [5]. The devices all
rely on a similar construction (Fig. 1), while utilizing competi-
tive liquid metal shaping with Laplace and vacuum pressures.
With <10 pounds per square inch (psi) vacuum applied to two
flexible films, one film having a network of microreplicated
trenches (between spacers), the Laplace pressure [14] outside
the trenches increases, driving the liquid metal into the trenches
(lower Laplace pressure). This increase in Laplace pressure
originates from the vacuum collapse of the channel height
between the films, reducing the radius of curvature of the liquid
metal residing between these two films (Laplace pressure is
inversely proportional to the radius of curvature for a liquid sur-
face) [5]. Upon release of vacuum, the channel height returns to
its original position, erasing the liquid metal pattern as surface
tension dewets the liquid metal into droplets that compacts to
10-100x less area than when in the trenches. It should be noted
that the thickness of the liquid metal was not measured in this
actuated state it is assumed that the thickness is equal to that of
the trenches into which the liquid metal is driven.

Our previous work [5] used Hg as the liquid metal, which
is less desirable than liquid Galn or GalnSn in terms of tox-
icity. However, these alloys are sensitive to low amounts of
oxygen (>1 ppm [15]) forming an oxide layer that renders the
liquid metal unreconfigurable. Our solution is to instead uti-
lize a closed system (Fig. 2) that allows the reconfiguration of
liquid metal devices by differential pressures and eliminating
the concern of oxidation. This new system has three main com-
ponents [see Fig. 2(a)]: an actuation pouch, ~ 75 pm in thick-
ness, containing both a device and an acid soaked patch (textile
~100 pm in thickness), a recirculating pump (Parker H119-11),
and a storage pouch also containing an acid soaked patch. The
actuation pouch serves two purposes, which are: 1) to provide
a protective barrier against the ambient oxygen that would oth-
erwise oxidize the liquid metal and 2) to provide a seal so that
a vacuum can be created within the pouch and therefore pro-
vide an differential actuation pressure up to approximately 1 atm
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Fig. 2. (a) Diagram and (b) testing setup, photograph of the system used for
the experiments shown herein. The system is easily miniaturized (not shown).

(~10 psi). The pump accomplishes these functions by allowing
for a reversible transition between evacuated and nonevacu-
ated states of the actuation pouch, as well as recirculating acid
vapor sourced from the acid-soaked (hydrochloric acid) textile
(~0.12-mL liquid). It should be noted that the volume of the
acid can be decreased as well as the acid diluted (0.1 M); how-
ever, the process of removing the oxide will take longer. The
acid vapor rids the metal of oxide in a closed system, simpli-
fies experimentation, and improves reliability as compared to
a system that would require a more robust seal and filled with
only inert gas. Although demonstrated as a bench-top setup, the
system could be easily incorporated in a miniaturized portable
design.

For the actual devices inside the actuation pouch, the basic
cross section is shown in Fig. 1. The polymer film carries a
polyimide spacer, which defines the inverse of the liquid metal
pattern in the vacuum (actuated) state. The vertically porous
film is a track-etched polyimide membrane (AR Brown-US,
3M101200250, 200 x 250 mm) with a pore (1-um diameter)
density of 2.2 x 107ecm~2, and 30 pm in thickness that al-
lows gas transport, but with pore radii that are so small that
the liquid metal is unable to wet into the pores due to Laplace
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Fig. 3. (a) Mold utilized for casting PDMS consisting of a tapered channel,
retraction dome, and electrode via. (b) Components of the device right before
final assembly.

pressure. The textile is added simply to enable more rapid hori-
zontal transport of gas into and out of the device. For each partic-
ular device demonstration, there are some device modifications,
which are now discussed in detail.

III. TUNABLE DIPOLE ANTENNA

A. Dipole Design and Fabrication and Setup

A tunable dipole antenna was assembled using components
shown in Fig. 3. The polydimethylsiloxane (PDMS) superstrate,
2.2 mm in thickness, was formed using Dow Corning Sylgard
184 and has a specific geometry for promoting analog control
of the liquid metal actuation (more pressure results in an equal
increase in length of each dipole arm Fig. 4). There are two key
design features. Firstly, to maintain contact between that of the
liquid metal and the RF connector electrodes, at the electrode
tips there is also a retraction dome in the PDMS that creates
a larger cavity that the liquid metal will always wet into be-
cause of minimum Laplace pressure (Figs. 3 and 4). Secondly,
the channel that the PDMS is driven into with vacuum actua-
tion is tapered to promote retraction of the liquid metal without
splitting into satellite droplets [16] and to allow analog control
(liquid metal dipole length increases with vacuum level). To
create such a tapered channel topography, we utilized simple
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Fig. 4. Dipole operation diagrams and experimental photographs including la-
beling of the combined dipole length (L). (a) No vacuum. (b) Partial vacuum
pressure. (c¢) Full vacuum pressure.

3-D printing (MakerBot Replicator 2) to make the casting mold
for the PDMS.

To provide RF electrode connections that are nonalloying
with the liquid metal, a conductive carbon ink protective
coating was added (Henkel, Acheson Electrodag PF-407C).
The legs of an RF SMA connector were dipped into the carbon
ink and baked at 120 °C for 15 min. The coated RF electrode
tips were then inserted through two vias that were laser ab-
lated through the device pouch as well as placed through the
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vias formed in the PDMS superstrate. Lastly, the adhesive
perimeter (Figs. 3 and 4) was achieved using 101.6-pm-thick
double-sided polyimide adhesive tape (Kapton). Two liquid
metal droplets were dosed under the retraction domes and then
the superstrate pressed against the adhesive layer. The device
is then placed into the actuation pouch. The RF connector is
connected to a coaxial cable, which is then connected to a
network analyzer (Agilent 8753D).

B. Dipole Theory and Results

A dipole as shown in Fig. 4 is tunable in terms of the dipole
length and therefore a tunable frequency (f) resonance. Being
that the dipole antenna arm length is tunable (via applied
vacuum pressure), this resonance peak will be tunable, and is
approximated by a dielectrically loaded dipole antenna by

f Q)

¢
2% Ly/eerr
where c is the speed of light, L is the length of the dipole (Fig. 4),
and the effective dielectric, €., is a combination of the permit-
tivities of the surrounding polymers. The effective permittivity
used in (1) is €eg ~ 2.0.

As can be seen, the experimentally measured data (network
analyzer), calculated data (1), and simulated data (COMSOL)
are shown in Fig. 5. Although COMSOL was used to simu-
late the experimental setup in 3-D involving electromagnetics,
only one could simulate the mechanical deformation in conjunc-
tion with electromagnetics. Several finer observations are worth
mentioning. The dipole data shown in Fig. 5 shows that starting
at ~ 3.5 GHz the response is ~ —10 dB throughout the mea-
sured frequency range. This response is believed to be due to
several facts. One is that a balun was not used and that there is
coupling to nearby metallic objects such as a stage that a cable
mount is attached to, as seen in Fig. 2(b). Also although there
is a gap in resonant frequencies shown between points 40 and
21 mm of Fig. 2(a), the length and tunability is indeed contin-
uous between these points. However, the resonant frequencies
shown were chosen to demonstrate that the resonant frequency
can be controlled in fine increments (45—40 mm), as well as
broad increments (40—21 mm). While some resonant data is not
shown in Fig. 5 for simplicity, it can be seen in the supplemen-
tary material.l

IV. SWITCHABLE SHIELD

A. Shield Design and Fabrication and Setup

A switchable electromagnetic shield (Fig. 6) was created
using flexible materials similar to those shown in the dia-
grams of Fig. 1. The laser-ablated polyimide spacers of the
shield were ~0.9 mm in diameter, 50 gm in thickness, spaced
center-to-center at 3.0 mm in an irregular hexagonal lattice,
and carried by a polyethylene terephthalate (PET) substrate
254 pm in thickness. Like the dipole antenna, a double-sided
Kapton tape adhesive boarder was used to seal the substrate
carrying the polyimide spacers to the vertically porous film.
The sealed device was placed on top of a textile and then placed

ISupplemental material for the reader can be downloaded online at http:/
ieeexplore.ieee.org/
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Fig. 5. Dipole device data as vacuum pressure is applied and dipole length is
varied as: (a) measured, simulated (COMSOL), and (b) calculated.

inside the actuation pouch. The transmission of the device was
measured using a standard rectangular waveguide (WR-284)
that contains an iris at each end. These irises form a resonant
cavity within the waveguide to allow incoming microwaves of
discrete frequencies to pass through to a power meter attached
to one end of the waveguide. The shield is placed over the
iris at the entrance of the waveguide opposite to the power
meter. Microwaves are incident upon the setup, transmitting
through each component: first the shield, the entrance iris, the
waveguide, the second iris, and finally to the power meter. The
power is measured as the device is transitioned from the nonac-
tuated to the actuated state. This same process was repeated for
another standard rectangular waveguide (WR-90) setup, except
that the sample was placed between two horn adaptors attached
to the end of the transmitting and receiving waveguides [see
Fig. 8(b)].

B. Shield Theory and Results

The switchable shield reconfigures between multiple com-
pact droplets to a reticulated network that attenuates incoming
microwaves. In a droplet form, in the nonactuated state, the
liquid metal only slightly impedes the incoming microwaves as
they pass through the device to the power meter; however, in
the actuated state, the liquid metal spreads through the space
formed between adjacent spacers making a reticulated network
and further attenuating the microwaves. The transmission loss
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Fig. 6. Shield operation diagrams (/eft) and experimental photographs (right).
(a) No vacuum. (b) Full vacuum pressure.

or shielding effectiveness (S.E.) of the shield was approximated
using [17],

3abAg 32t 1
E. =201 — — 201
5 OOg(de3>+ d OOg(cosﬁl) @
b=a/2tand 3)

where «a is the spacing from center to center of the apertures
(polyimide spacers), 4 is a 45° angle between rows of apertures,
d is the diameter of the spacers, #; is the incident angle of the
microwaves, g is the free-space wavelength, and ¢ is the thick-
ness of the shield. It should be noted that the insertion loss of
the device in the off state was measured to be 3.5 dB for the
S.E. measurements. The data shown in Fig. 7(a) and (b) shows
the amount of power measured in both actuated and nonactuated
states of the shield. The simulated data in Fig. 7(c) is completed
by using a 2-D simulation (COMSOL) of the shield setup with
only one row of liquid metal/polyimide spacers as a unit cell.
The results were then modified according to [18]

S.E.net = S.E.(simulated) — 201og (v/n) 4)
where n is the largest number of consecutive apertures formed
in a straight line within an array of total length that is less than
half a wavelength.

The shield data shown in Fig. 7 varies as a function of fre-
quency, but not in a way that is normally predicted by a con-
ventional shielding equation (shielding steadily decreases as a
function of frequency). In regard to the WR-284 waveguide
setup, since the shield covers the iris with a new conductive
boundary this may cause the resonator at certain frequencies to
be more/less efficient due to the reflections from the face of the
shield (shifted resonance, decreasing the shielding during cer-
tain frequencies). With the WR-90 setup this change in shielding
could be due to the waveguide setup when the space between the
shield and the iris at the entrance of the waveguide also forms a
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Fig. 7. (a) and (b) Measured power attenuation of the switchable shield in on
and off states. (c) Calculated, measured, and simulated (COMSOL) results of the

switchable shield. (a) WR-284 setup frequency transmission data. (b) WR-90
setup frequency transmission data. (c) S.E. WR-284 and WR-90 setup.

standing wave at different frequencies (see simulation, Fig. 8).
Being that the WR-90 setup involved the horn adapters to re-
main in close proximity to the shield or in the near-field will
account for some differences in the theory versus measured due
to the fact that the theory assumed a far-field situation. This will
lead to a discrepancy in the impedance, and therefore, a differ-
ence in impedance matching or S.E.

V. SWITCHABLE POLARIZER

A. Polarizer Design and Fabrication and Setup

A switchable electromagnetic polarizer (Fig. 9) was fabri-
cated similar to the shield device, but with linear spacers of
0.94-mm width, 100-gm height, 43.0-mm length, and spaced
1.673 mm apart. The transmission of the polarizer is measured
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Fig. 8. Simulation: (a) of shield in WR-90 setup displays strong resonance re-
sulting in a potential decrease in S.E. in (b), which is the associated experi-
mental setup (horn adaptors are slightly separated for photograph purposes, but
not during experiment). (a) Simulation of transmission at 11.18 GHz. (b) Testing
setup.

using a WR-90 waveguide setup involving two separate straight
sections of waveguide each having a standard gain horn attach-
ment, as shown in Fig. 9(b). The polarizer is placed between
the two horn attachments and transmission is measured as mi-
crowaves begin to pass through one of these horn/waveguide
sections, through the polarizer sample, and then into the op-
posing horn/waveguide to the power meter. The transmission is
measured as the polarizer is in the on state as well as in the off
state, and again measured when the polarizer is rotated 90° with
respect to the incoming microwave polarization. In the off state,
the polarizer only slightly impedes these microwaves, whereas
in the on state the metallic lines formed between the standoffs
will then reflect and absorb aligned polarizations (Z-field par-
allel to the metallic lines) and transmit the nonaligned polariza-
tion (E-field perpendicular to the metal lines).

B. Polarizer Theory and Results

The polarizer reconfigures between multiple compact
droplets to metallic lines. In a droplet form, in the nonactuated
state, the liquid metal only slightly impedes the incoming
microwaves as they pass through the device to the power
meter; however, in the actuated state, the liquid metal spreads
throughout the space formed between adjacent spacers making
a network of metallic lines and attenuating the microwaves

S21(dB)

13.0

E-field

(b) (c)

Fig. 9. Polarizer measured and calculated results as the device is in dif-
ferent orientations (with respect to the microwave polarization) and device
actuation states. See inset with legend (c), from top to bottom: parallel/off
state w= (measured); parallel/on statcee= (measured) — - (calculated);
perpendicular/on state (measured) (calculated); no device inserted
= (measured). (a) Measured and calculated data. (b) Testing setup. (c) Inset
with legend.

based upon the orientation of the lines relative to the incoming
microwaves. The coefficients of transmission for parallel and
perpendicular orientations relative to the incoming electric field
can be approximated by [19]
k2d? In® [sin 2] /72
7 - Ll ®
1+ k2d?1In” [sin Z2] /n?

B 1
1+ k2d?In” [cos T2 /n2

Q)

T,

where k is the propagation constant 27/, a is the width of the
metallic lines, and d is the spacing between adjacent metallic
lines. The transmission loss of the calculated and measured re-
sults, waveguide setup, and experimental images are shown in
Fig. 9. When referring to Fig. 9(a) (top to bottom), it can be
seen the calculated data for the device in the perpendicular po-
sition should transmit almost all the incoming electric field,
as the transmission loss is ~ 0 dB. The measured results of
the setup with no device inserted, the device inserted in the
off state, as well as the device inserted in the perpendicular/on
state are shown directly below the calculated data. As can be
seen, there is slight attenuation already with no device inserted.
This is most likely due to the fact that the transmitting and re-
ceiving waveguide sections on either side of the device are close



3128

(near-field) to each other. The alignment of the two waveguides
is not ideal and can cause a slight loss in transmission as well.
Although there is a deviation, it is only slight and could be de-
creased if the distance as well as alignment were optimized. The
last two sets of data are the measured and calculated results
when the device is in the on state and oriented parallel to the
FE-field. Although there is a larger deviation between this set of
data, the trend is approximately parallel (transmission loss de-
creases as Freq. increases). This deviation is attributed to the
fact that the calculations used herein are under the assumptions
that the metal is a perfect conductor and the wave is propa-
gating in free space. As mentioned above, the experiment is in
the near-field zone. Also, the metal is not a perfect conductor (&
~ 0.38 x 107 S/m), which will affect the reflection/coupling
and therefore the transmission.

VI. SWITCHABLE ELECTROMAGNETIC DIFFRACTION GRATING

A. Grating Design and Fabrication and Setup

A switchable electromagnetic diffraction grating (Fig. 10)
is reported using flexible materials such as polyimide and
PET, similar in construction to the polarizer of the previous
section. The superstrate consists of a planar PET sheet mea-
suring 254 pm in thickness, and carrying linear polyimide
spacers (laser ablated Kapton tape) measuring 4.0 mm in
width, 0.73 mm in spacing, 50 xm in thickness, and 43.0 mm
in length. Double-sided polyimide adhesive tape (Kapton,
101.6 pm thick) was placed onto a 30-um-thick track etched
polyimide membrane and ablated so that a square adhesive
border remained. The liquid metal was dosed on top of the
polyimide spacers. To make a complete seal, the polyimide
membrane was placed over top of the liquid metal and pressed
against the PET substrate. The sealed device is placed on top
of a textile and placed inside the actuation pouch. The device
is then placed into a 100-GHz transmission setup to measure
diffraction. The setup consists of two horns, one of which is a
transmitting antenna and the other is a horn that is placed onto
a swing arm that measures the incoming microwave signal as a
function of diffraction angle. The device is placed onto the face
of the transmitting horn. The receiving horn was connected to
a fluke meter to measure the voltage induced by the incoming
microwave signal for the actuated and nonactuated states, as
the rotation of the receiver was incremented.

B. Grating Theory and Results

A diffraction grating shown in Fig. 10(b) (inset) reconfig-
ures from multiple compact droplets to metallic lines. While
in droplet form, the microwaves are slightly impeded, and in
linear form, the microwaves is diffracted and was calculated by
the well-known equation

dsind = mA @)

where d is the center-to-center distance of the spacing between
adjacent metallic lines, 8 is the angle between the central max-
imum and the maximum at the order m, m is the nth maximum,
and A is the wavelength of the source. The calculated angle for
the first-order maximum is 40°. The measured diffractive data is
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Fig. 10. Measured diffractive results as a function of angle of the diffraction
grating setup and their associated experimental photos when: (a) no device is
inserted, (b) the device is inserted in the off state, and (c) the device is inserted
in the on state.

shown in Fig. 10. As can be seen, the first maximum is in close
agreement to the expected 40°. However, there are dips in the
central maximum as well as variance in the widths of the first
maxima. This is most likely due to the imperfect filling of the
channels with liquid metal, as well as the undesired displace-
ment of liquid metal into the region outside the channels.
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VII. DISCUSSION

Although the switching lifetime of this system was not tested,
it will be limited by leakage/diffusion of the acidic vapor, which
is utilized in this approach to maintain the fluidic properties of
the gallium alloy by reacting with the native surface oxide. This
can be mitigated with thin film diffusion barriers. The switching
rate will be highly dependent on the device geometry, generally
related to the distance between the two extreme cases of actua-
tion, but will also be dependent on the microchannel geometry,
interfacial energies at the liquid metal and the channels surfaces,
and the pressures applied to drive the metal. While this rate is not
investigated in this paper, the authors have previously reported
experimental validation of actuation speeds exceeding 30 cm/s
[5]. The stability of these devices with respect to motion and
vibration was not tested, however, traditional microfluidic ap-
proaches such as Laplace pressure threshold barriers or posts
could be used to limit the instabilities brought about by either
of these stimuli. These barriers could replace solid areas, i.e.,
the spacing between adjacent metallic lines of devices such as
the shield, polarizer, and grating shown in this work to provide
a tunability of spacing/width with input pressure, as shown in
work by Khan et al. [6]. Although the work in [6] is irreversible,
it complements the work reported herein and if both were used
in conjunction would provide tunable effects that would then be
reversible. Using previous reconfigurable/tunable approaches
involving parasitic coupling or pressure as in [20] and [21], re-
spectively, one has to account for the change in reconfiguration
of the liquid metal to maximize parasitic coupling, use device
real-estate due to parasitic components, and limit reconfigura-
bility by using minute displacements of the liquid metal. Using
the proposed reconfiguration scheme reported herein while uti-
lizing the aforementioned techniques in [6], one could take full
advantage of the reconfigurable medium being liquid to maxi-
mize reconfigurability. In this case, when transitioning from a
compact form (semi-spherical droplet) to a shape with much
larger surface area, as reported in the authors’ previous work
[5], the shape reconfiguration range would be large. Without re-
lying on coupling of parasitics and the placement thereof, this
large contrast in surface area will allow for larger electromag-
netic tunability while keeping the device compact. Power han-
dling should also be of interest in future work as it has been
investigated in [22] for mercury, however, as the authors in this
work mention, packaging of liquid metal devices will be perti-
nent to understanding power handling, especially with gallium
alloys where an oxide presents technical challenges. While the
thermal expansion of these gallium alloys may be considered,
the effect should be minimal due to a spatial expansion coeffi-
cient of 11.5 x 10 — 5 [23]. Finally, it should be noted that the
losses due to the reduced conductivity compared to copper of
the liquid metal should be considered when appropriate. This
may have an impact on efficiency, as discussed and measured
in [24] depending on the device and concentration of electric
fields.

VIII. CONCLUSION

Reported herein were pressure-actuated liquid metal de-
vices with fundamental electromagnetic capabilities within
the GHz regime spanning tunable dipole antennas, switchable

shielding with 35-dB attenuation, ~ 30-dB polarizer attenu-
ation, and ~ 40° diffraction from a linear grating. This work
solves real-world challenges with a complete system-level
design including: nontoxic GalnSn (68.5% Ga, 21.5% In, and
10.0% Sn) alloy; employing nonalloying/corrosion-resistant
electrodes; a closed system with oxide-preventing acidic vapor
background. Experimental data for devices was coupled with
theoretical calculations, which confirms that all devices can
be specifically designed and perform as expected for various
reconfigurable electromagnetic applications. In conclusion, this
work provides both the theoretical evidence and the applied
breakthroughs needed for real-world application of reconfig-
urable liquid-metal electromagnetic devices.
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