ABSTRACT

BHARAMBE, VIVEK TULSHIRAM. Liquid Metal Multifunctional Antennas. (Under the direction of
Dr. Jacob J. Adams.)

The idea of using room-temperature liquid metals (LM) for constructing reconfigurable antennas
has been proposed decades ago and promises desirable characteristics such as a wide frequency
tuning range and high power handling. With the introduction of non-toxic gallium alloys that are
liquids at room-temperature, such antennas have acquired a renewed interest. Particularly, LM
reconfigurable antennas are interesting because they can support a large number of states compared
to other switch-based reconfigurable designs (eg. continuous 5:1 frequency reconfiguration range).
Moreover, for multi-functional antennas, LM is attractive because metal can be moved or reshaped
on the radiating aperture, thus enhancing the scope for compound reconfiguration. This research
targets three focus areas to enrich the field of LM multi-functional antennas.

Firstly, due to the lack of a practical, reversible, reliable and highly repeatable LM actuation
scheme in literature, we devise new actuation techniques focused on improving those aspects.
Generally, the adhesion of liquid gallium alloys restricts reversible LM actuation. Flowing electrolytes
along with LM has been shown to prevent formation of oxides, but they severely impact antenna
efficiency. Hence, we develop three novel techniques, each improving upon the shortcomings of
the previous. In the first approach, we flow bare LM plugs inside circular cross section channels
embedded in the antenna substrate along with a low-loss dielectric pushing fluid to reversibly
transport the LM. However, we observe that this bare plug approach leads to mixing between the
LM and the pushing fluid and splitting of the LM plug. To solve this, in our second approach - the
encapsulated plug approach - we enclose the LM plug inside an ultra-stretchable, flexible fiber that
is flowed within straight or bent channels. However, the pushing fluids still provide a low degree
of control over the position of the LM plug. Hence, in the third approach - the stretchable plug
approach - we eliminate the pushing fluids and directly spool partially filled ultra-stretchable fibers
onto motor shafts to precise control the position of LM inside the channels. Moreover, since the
fibers are stretchable, we can also increase or decrease the length of LM filled portions of the fiber
by stretching or relaxing it. Compared to the schemes presented in literature, not only does the
stretchable LM plug approach substantially enhance the degree of control over LM by precise length
and position changes but also the LM actuation speed.

In the second focus area, we develop single feed antenna designs that solely use LM displacement
as a design space to attain frequency, pattern or polarization reconfiguration. We develop a parasitic
LM antenna (PLMA) that uses change in length of a parasitically fed (driven) LM plug length for
frequency reconfiguration (0.7-7GHz) and change in position for polarization reconfiguration(linear
X or y or circular). By adding four additional LM plugs adjacent to the driven LM plug, we add
2-D beam steering capabilities to it, but at a fixed frequency (4.5 GHz). We demonstrate that the

design achieves a greater pattern diversity than a 2x2 phased array occupying an equivalent aperture.



Further, using the newly developed stretchable plug approach, we combine and expand upon the
capabilities of the PLMA design by forming a reshapable aperture (RESHAPE). The RESHAPE har-
nesses the ability of the stretchable plug approach to control position and length of LM plugs inside
embedded channels to reshape the LM on a 2-D parasitic aperture providing a for LM- displacement
based antenna reconfiguration. When parasitically coupled to a PCB feed, the enormous design
space afforded by RESHAPE has been demonstrated to support one of the largest range of distinct
radiation states in literature - enabling compound frequency (2.45-6.5 GHz), pattern (upto 45 in
all planes) and polarization (linear x or y, circular possible). Detailed design steps and analysis for
this design is provided along with limitations and potential improvements to the design for adding
more states.

Lastly, in the third focus area, we develop arrays of the newly devised multi-functional antennas.
Single antenna elements, like those developed in the previous focus area, only provide a moderate
gain. Many applications, such as radar or point-to-point wireless communications require a really
high gain. Unlike traditional fixed frequency phased arrays of microstrip patch elements, developing
phased array of compound reconfigurable antennas allow added functionality - such as frequency
reconfiguration, or greater scanning angles. Using the designs and the actuation schemes in the
previous focus areas, we develop a wide-angle steering 1x4 phased array. Stretchable parasitic
LM plugs placed around the stretchable driven LM plug forms a parasitic sub-array. Phased array
consisting of four parasitic sub-arrays enables a 2-6 GHz continuous frequency reconfiguration
range, while maintaining a large scan volume (>100 in all planes), high radiation efficiency and a
sidelobe level <-3.5 dB at extreme scan angles of 45to 60 , reaching as low as -7 dB at higher end
of the supported frequency range. This exemplifies how LM displacement based reconfiguration
techniques can be used to augment the performance of traditional switch-based reconfiguration
methods.

While these designs exhibit excellent antenna performance, it comes at the cost of the time
required to transit between the various states, since physical displacement of LM is inherently slower
than semi-conductor switching. Furthermore, it requires integration of additional mechanical parts
on the antenna which can be restrictive for some applications. Thus, this research intends to open
pathways for exploration of highly versatile multi-functional antenna designs using the unique
design space offered by LM, combining it with existing switch-based reconfiguration methods and

understanding the underlying trade-offs.
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CHAPTER 1

INTRODUCTION

Antennas serve as an interface between the guided and the unguided transmission media and are an
indispensable component of wireless communication, sensing, ranging and target detection systems.
Critical antenna radiation characteristics constitute of its operating frequency, polarization, pattern
and bandwidth. As commercial communication systems have evolved over the years, there has been
a growing demand for antennas supporting frequency bands spanning a wide spectrum. Modern
cellular standards also command control over the radiation pattern for beamforming / beamsteering
technologies, critical in enhancing throughput using multiple input multiple output (MIMO) and
massive-MIMO technologies. Warfare and radar systems require precise control over all - operating
frequency, radiation pattern as well as the polarization. Such systems provide means to overcome
fading or jamming signals, critical for these applications.

The demand for highly versatile radio systems has driven the research for recon gurable an-
tennas capable of producing a time-varying response, altering their key radiation characteristics -
namely frequency, pattern and polarization, on-demand, in response to changing electromagnetic
environments and wireless channel impairments. Consequently, over multiple decades, several
schemes have been devised to recon gure any of these characteristics individually for various
antenna geometries. More recently, the focus has shifted towards integrating two or all three kinds of
recon guration into a single antenna body. The antennas thus formed are capable of recon guring
multiple characteristics independently are called as compound recon gurable antennas (CRA)
or multi-functional antennas. For instance, a frequency-polarization compound recon gurable
antenna should be able to support multiple states with distinct operating frequency and different
polarizations (linear or circular) at those frequencies. The performance (or functionality) of these
recon gurable antennas is gauged by the range of states they offer - with each state possessing a
distinct operating frequency, pattern or polarization.



1.1 Howtorecon gure antenna radiation characteristics?

The geometry and the materials used to build an antenna usually govern its radiating characteristics
and several technigues have been proposed to manipulate them to alter the radiation characteristics
[1, 2]. Arguably, the easiest characteristic to recon gure is the operating frequency of the antenna. For
most antenna types (monopole, dipole, loop, microstrip, etc), the length of the radiating conductor
usually de nesits operating frequency. Therefore, change in length, often achieved using mechanical
means or switches on the conductor, is a convenient method for recon guring operating frequency.
Another simpler way is to use a switchable impedance matching network, that uses switched
lumped inductors /capacitors/ varactors at the feed to manipulate the resonance of the impedance
match-antenna cascaded system. On the other hand, pattern recon guration can be achieved by
progressively phasing each antenna elementin an array [3, 4]. Alternatively, parasitic elements have
been used for pattern recon guration  [5], but they can only achieve a few discrete scanning angles.
Pattern recon guration can also be achieved by shorting the radiating aperture, to redistribute the
currents on it. Switches have also been used to short slots on patch antennas to attain polarization
recon guration. Cross dipole antenna structures are used extensively to control the polarization
response of the antenna, since it consists of two orthogonal linear polarizations and either of
them can be switched independently, together or 90  out of phase to get various linear or circular
polarization response. Both pattern or polarization recon gurations can also be achieved by rotating
large metallic structures forming the antenna or by changing the dielectric loading on the antenna
aperture by swapping dielectric materials.

As evident from the examples above, switches (electronic, optical or micro-electromechanical
system - MEMS) are a critical component for realizing recon gurable antennas. Mechanical means
or material means are typically cumbersome to implement, slow and energy intensive, compared
to electronic switches. Nonetheless, switches have their own limitations when we consider the
insertion loss, power handling capacity, RF linearity and distortion, or actuation voltages. Hence,
the preferred means for achieving recon guration is usually application speci c. For example, low
power (< 1 W) consumer hardware devices typically use switches, whereas high power ( > 100 W)
radios usually prefer magnetic materials such as ferrites or mechanically rotating metallic re ectors
for recon guration. Additionally, switches can change the impedance on a very localized portion of
the radiating geometry and hence generally, struggle to achieve continuous tunability over a 2:1
frequency range (for example [6]) or produce only discrete steering angles [5].

For these reasons, researchers are constantly evaluating and exploring novel means and antenna
structures to enhance the limits of antenna recon gurability. This research also intends to test these
limits and propose designs that can potentially overcome those of the state of the art recon gurable
antennas.



1.2 Recon gurable antennas for wireless communication systems

The demand for high data rate mobile communications has increased manifold in the recent years.
To support this growing demand, regulatory boards throughout the globe have opened up wide
spectrum for cellular, defense and space applications as well as certain unlicensed spectrum to local
personal area networks. While the supported frequency ranges have increased, the form-factors
of various daily use devices have remained mostly compact, if not shrunken. This is particularly
a challenge from the point of view of antenna design, as they cannot be miniaturized without
sacri cing performance (ef ciency, bandwidth, etc) and itis dif cult to t many of them in the same
compact form-factor. Hence, the solutions to this problem are to develop a single antenna that
can either cover the entire spectrum or an antenna capable of dynamically changing its operating
frequency. While the eld of designing ultra-wide band antennas is certainly progressing, they still
require a large footprint. Hence, recon gurable antennas are ideal for such applications. Of the
three radiation characteristics that are usually recon gured, frequency recon guration has become
ubiquitous. Warfare applications also require pattern and polarization recon guration to overcome
problems with wireless channel impairments such as shadowing, fading, etc.

Antenna recon guration has been exploited for commercial cellular communications as well.
Multiple input multiple output (MIMO) technology has lead to dramatic improvements in the data
carrying capacity and spectral ef ciency, especially in rich multi-path environments [7]. Alotofthese
improvements have been attributed to advanced signal processing techniques such as dynamic
coding and modulation schemes, orthogonal frequency division multiplexing, etc. Additionally,
multiple antennas on a device ("antenna diversity") are widely used to combat fading and enhance
the data carrying capacity, since each transmit-receive pair of antennas can support a separate
data-stream if antennas can distinguish between the data streams when transmitted through un-
correlated sub-channels. This increases the overall channel capacity, while maintaining the same
bandwidth and similar signal to noise ratios (SNR). For antenna diversity, since MIMO techniques
rely on providing many uncorrelated sub-channels to increase the end to end throughput, it is often
bene cial to have decoupled antennas on a device. Coupling between neighboring antennas can
lead to severe capacity performance impairments in a MIMO system  [8]. Recon gurable antennas
are typically designed to support orthogonal polarizations or distinct radiation patterns that can
assist in reducing the coupling between the antennas, thereby providing several uncorrelated sub-
channels for communication. In literature, there are examples of studies demonstrating the channel
capacity and spectral ef ciency enhancements enabled by polarization  [9] or pattern [10-13 recon-

gurable antennas. Pattern recon gurable antennas are particularly attractive [10, 13], since the
transmitting and receiving antenna systems can steer the main lobe in the direction of one another

to get improvements in SNR, on top of a higher degree of diversity. Fourth generation technologies
have used beamforming techniques to improve the overall data-carrying capacity of the system.

Moreover, the fth generation wireless technologies which rolled-out recently use recon gura-
tion of all three characteristics - frequency, pattern, polarization to overcome the steep challenges



introduced by the mmWave wireless channels (24-41 GHz).

1.3 Compound recon guration of antenna characteristics

Inthe previous sections, we saw how individual characteristics of an antenna can be recon gured and
assessed their holistic bene ts to the wireless communication systems. As the single characteristic
recon guration techniques have matured, the goal of antenna designers has recently shifted to
having control over two or all three characteristics simultaneously with independent control over
each, thus forming an enabling technology for software de ned radios systems. However, in general,
it is very challenging to build such an antenna, since these parameters are highly in uenced by each
other. For instance, if the operating frequency of the antenna is changed, there will be an impact on
the radiation pattern of the antenna and vice-versa, as opposed to the designers expectations that
these characteristics remain separable and individually controllable. While these characteristics
cannot be perfectly decoupled from one another, a marginal change in one for a signi cant change
in the other is permissible. An example for this would be the case for frequency recon gurable
monopole antenna. The operating frequency can be signi cantly changed by altering the length of
the monopole. Despite the minute changes in radiation pattern at various operating frequencies,
for different lengths of the antenna, the frequency recon guration is considered separable, given
that the change in radiation pattern is marginal. For many designs, a structural or material change
using switches or pumps can result in simultaneous, signi cant recon guration of two of the
characteristics. Often, we come across examples from literature where these are mislabeled as
compound recon gurable antennas.

Compound recon gurable antennas require careful design. A preferred approach to achieve
compound recon guration is to identify distinct techniques that provide independent control over
each characteristic (frequency tunability using length modi cations, beam-steering using phase
shifters) and lump them together in a single antenna body. In the upcoming chapter, we will discuss
a few examples of such compound recon gurable antennas from the literature: frequency-pattern
[14, 15], frequency-polarization [16, 17] and polarization-pattern [18]. As mentioned above, many of
the designs achieve compound recon gurations of up to two antenna characteristics using elec-
tronic switches, varactors or diodes. So far, to the best of the author's knowledge, only one antenna
architecture (recon gurable aperture - RECAP) has been reported to compound numerous states
with independent control over operating frequency (1.4:1 range), pattern( 30 ) and polarization
(linear or circular) by redistributing currents on a parasitic pixel surface [19]. We will also study
this design in detail in the upcoming chapter. Nevertheless, compound frequency, pattern and
polarization remains as a tough challenge for antenna engineers.



Figure 1.1 a) Copper wire based monopole antenna with two switches, supporting three discrete frequen-
cies - 6 GHz, 4 GHz and 3 GHz corresponding to 12.5 cm, 18.75 cm and 25 cm lengths, and b) The contin-
uously tunable LM antenna, supporting 3 GHzto > 6 GHz frequency range, by changing the length of the
LM column inside the plastic tube.

1.4 Liquid metals for compound recon gurable antennas

One recent interest in the eld of building CRAs is to use gallium alloys that exist in a liquid phase at
room temperature as the metallized portions of the antenna structure ~ [20, 21]. Liquid metals (LM)
provide a unique design space, since the metal on the antenna aperture can be simply removed,
lled, or moved to create atime varying response. For example, consider a 25 cm long monopole
antenna ( ¢=4) operating at 3 GHz as shown in Figure 1.1a. If the antenna is to be recon gured up
to 6 GHz, using 2 switches, the switches would be placed at positions of 12 cm, and 18.75 cm from
the ground plane. When the length = 12.5 cm, the antenna operates at 6 GHz, 18.75 cm corresponds
to an operating frequency of 4 GHz. As it can be observed, only a discrete set of frequencies can be
supported without adding several switches. On the other hand, if a liquid metal is lled within a
plastic tube using a pump (see Figure 1.1b), the length can be adjusted continuously from < 12.5cm
to 25 cm, conveniently allowing a continuous frequency tunability. This example is rudimentary, but
provides the basis of the exibility offered by LM and more complex designs can provide an extremely
large scope for recon guration. Thus, LM provides a new design space for creating recon gurable
antennas based on the area, shape, and location of metal on the aperture, which can be dynamically
transformed. This document will describe in detail how these speci ¢ parameters can be altered for
recon guring antenna characteristics, while building LM recon gurable antennas.

However, major limitations faced while building such devices stem from the techniques used
to Il /remove or displace LM, referred to as LM actuation schemes. Pumps are often bulky and
power hungry, making them less attractive for compact antenna designs  [22]. As we will see further
in this document, LM tend to adhere to the tubes carrying them due to oxidation. Gallium alloys,



often chosen for these applications readily oxidize even in environments with a low concentration

of oxygen (around 1 ppm [23]). As the formed oxide adheres to the tubes, it becomes extremely
dif cult to freely circulate the alloy in the antenna structure without leaving residues or conductive
traces. A tube completely lined with LM can easily preclude any options for antenna characteristic
recon guration.

To solve this issue, researchers have sought several options for LM actuation, such as using
reducing agents to dissolve the oxide, or lining the tube with lubricating uids, electrochemical
methods to eliminate the oxide and move the LM. While this is a subject of active research, there is
no preferred LM actuation scheme that makes these electromagnetic devices suitable for practical
use. We will discuss several criteria for accessing these, in the upcoming chapters.

This research also intends to propose solutions for these long-standing issues. The focus for the
devised LM actuation scheme is on making these devices practical, reliable, repeatable and fast.

1.5 Motivation

To support the next-gen wireless communication systems, we need to lay out speci cations of
what the enabling recon gurable antennas should be capable of supporting. Such antennas can
be packaged along with advanced Tx / Rx chains to build widely adaptable radios. While there are
currently no speci c set of requirements published in literature for such recon gurable antennas,

we use the speci cations laid out by Defense Advanced Research Projects Agency (DARPA). In
2013, Arrays at Commercial Timescales (ACT) program put forth very challenging speci cations for
compound recon gurable antenna systems to encourage further research in this eld and serve as

a guideline for designs targeting the next generation of adaptable radios:

1. Frequency recon guration: 2 - 12 GHz (6:1 range)

2. Pattern recon gurations: 60 off broadside in all planes (2D steering)
3. Polarization recon guration: two linear and two circular polarizations.

4. State transitiontime: < 1ms.

On comparing these with the state of the art designs from the literature (see Chapter 2 for
details), we observe that traditional electronic / optical switch based designs are far from meeting
these speci cations for compound recon guration. Hence, new design spaces need to be explored.

Using the newly available degrees of freedom achieved using owing and reshaping liquid metal
on the radiating aperture, new multifunctional antenna designs can be developed. These designs
can solely rely on displacement of LM to achieve recon guration, resulting in unique design choices,
trade-offs and can enrich the literature with new design knowledge arising from this atypical setup.
Additionally, the improved LM actuation methods developed to build such antennas can make
these devices robust, reliable and fast, while also being functional for other LM based designs. While
physical motion of LM is inherently slower than semiconductor switching ( < 1 s obtained with



semiconductor switches, diodes and varactors [2]) and expected to continue that trend even at
the end of this research, many applications can tolerate slower state transitions, but bene t from
distinct states vastly diverse in frequency, pattern and polarization.

While working towards these goals, numerous questions pertaining to the LM actuation, antenna
fabrication and favorable design options need to be answered. Hence this PhD research aims to
focus attention towards the three key areas mentioned below:

Developing LM actuation methods:

This focus area centers around developing new LM actuation schemes targeting reversibility, re-
peatability and high LM displacement speed. Not limited to these techniques, permittivity of a
variety of polymeric substrates (laser cut, 3D printed), different fabrication techniques and methods
to counter LM adhesion will also be investigated.

Developing multifunctional antennas using LM displacement for recon guration:

The literature is replete with designs using switches for constructing recon gurable antennas. How-
ever, physical motion of LM enabled due to the previous focus area yields atypical and novel set of
design choices for building recon gurable antennas. This focus area will target developing such
antennas, providing a design framework and characterizing the range of states for the constructed
compound recon gurable antennas.

Developing arrays of the designed compound recon gurable antennas:

Using the design knowledge resulting from the previous focus area, we will try to form arrays of
the multifunctional antenna elements, to produce a higher gain and maintaining the underlying
frequency, pattern and polarization recon guration methods. We will also gauge the trade-offs with
respect to existing switch based designs.

1.6 Research questions

With the three focus areas in mind, a set of research questions were formulated as enumerated
below:

LM actuation:

1. For constructing LM antennas, how to build substrates: polymer sheet lamination or 3D
printing? Which substrate materials are suitable for RF devices (low dielectric losses), micro-
channel fabrication, multilayered designs and are leak-proof?

2. How to circumvent the LM adhesion problem without using electrolytes?

3. Compared to the ones presented in literature, what alternative LM actuation methods can be
devised to improve their reversibility, repeatability and speed?

Compound Frequency, Pattern and Polarization Recon guration:

1. Which antenna designs leverage motion of LM to achieve large variations in frequency, pattern
and polarization?



2. How to aggregate these three recon gurations to form compound recon gurable antennas?

3. How do these CRA designs compare with existing rigid metal, lumped element based recon-
gurable antennas?

Arrays of compound recon gurable antennas:

1. What modi cations to the individual CRA designs need to tinto arrays?

2. Can these designs be used for phased arrays? Can they assist in suppressing issues with
traditional phased arrays such as grating lobes, mutual coupling?

Developing LM displacement mechanisms will contribute towards improved reliability for LM
devices, and a better understanding of trade-offs between their recon guration speed compared
to conventional electronic, optical or MEMS switches. Working towards these questions will also
potentially yield new CRA or multifunctional antenna designs having a greater range of states (greater
tuning range, scan angles, polarization or pattern diversity, multi-band performance) than the state
of the art designs. Lastly, by forming arrays of compound recon gurable antennas, we will allow
them to exhibit a large gain, maintaining their frequency, pattern or polarization recon guration
capabilities, which would make them desirable for many applications - from cellular to ranging
systems.

1.7 Organization of this document

In this chapter, different antenna radiating characteristics and ways to recon gure them are brie y
discussed, We also de ned design targets for next-generation compound recon gurable antennas
and proposed an investigation into the use of LM to achieve those targets. In Chapter 2, we will
review the state of the art switch-based and LM-based compound recon gurable antennas from
the literature and compare their performance, in relation to the de ned targets and identify the
focus for research.

It has been observed that, by providing additional degrees of freedom for antenna designs, LM
compound recon gurable antennas lend the opportunity to aggregate additional recon guration
states, enhancing the functionality of the antenna. However, additional arrangements need to be
incorporated in the antenna body to actuate the LM for recon gurabilty. Repeatable and reliable
LM actuation techniques have been a topic of active research. In Chapter 3, we review the various
reported liquid metal actuation methods. Advantages and problems of each method will be identi-
ed, leading to a series of research questions. The focus of this chapter will be towards achieving a
reversible, repeatable and fast actuation of liquid metal, which has been a known challenge in litera-
ture. To achieve this, we will devise new actuation methods for building recon gurable antennas,
along with investigation of appropriate dielectric materials to enable the fabrication. This aids our
goal towards making liquid metal recon gurable antennas practical and enabling new degrees of
freedom for recon gurable antenna designs.



With the actuation techniques developed in Chapter 3, we will develop planar antenna designs
with a large number of distinct recon guration states in Chapter 4. These designs focus on ex-
panding on the compound recon guration capabilities of the existing designs from the literature
that use micro-electronic, MEMS switches, or liquid metals. For our approach, the design space
is limited to physical displacement of liquid metals and should only have a single feed while LM
displacement enable compound frequency, pattern or polarization recon gurability for planar
antenna designs, . Furthermore, in Chapter 5, we integrate these recon guration mechanisms into
a single antenna body enabling it to achieve a wideband frequency, several discrete pattern and
polarization recon guration, independently. This design leverages the design freedom achieved
by the capability to undergo dynamic LM length alterations inside the antenna aperture thereby,
allowing the ability to reshape the radiating aperture.

While compound recon gurable antennas, such as those designed in Chapters 4 and 5 are very
versatile, they cannot leverage the multiple recon guration states to produce a large gain. Antenna
arrays are widely used to increase the antenna aperture and radiate with a high aperture ef ciency.
In Chapter 6, we will use the recon gurable antenna designs from Chapter 4 to build high gain,
wide-angle beamsteering, frequency recon gurable arrays. Pattern recon guration capabilities will
be used to overcome some of the grating lobe and scan blindness challenges associated with regular
arrays.

Finally, in Chapter 7, we discuss the contributions of this work, conclusion and scope for future
work in the eld of LM compound recon gurable antennas.



CHAPTER 2

MULTIFUNCTIONAL ANTENNAS

Modern day communication technologies require advanced radios capable of delivering spectrally
ef cient, reliable wireless communication using enhanced signal processing algorithms and adap-
tive radio frequency (RF) and antenna systems. Unlike digital integrated circuits (ICs), antennas
cannot be shrunk without sacri cing performance  [24], hence there is a heed to develop spatially
ef cient antennas with multi-functional radiating characteristics.

Antenna designs have been proposed in literature that radiate at a xed frequency, with a

xed bandwidth, pattern and polarization. In this case, however, to cover the vast spectrum and
provide reliable, high data rate wireless communications, multiple antennas with different operating
frequencies, pattern, and polarization need to be integrated into a device. On the other hand,
multi-functional antennas or compound recon gurable are capable of providing a time-varying
response, recon guring more than one of its radiating characteristics - operating frequency, pattern,
polarization, or bandwidth. Hence, they allow the designer to cover a vast spectrum and provide
distinct pattern, polarization and bandwidths using a single antenna structure, reducing the required
volume of the device.

Of the four characteristics, the literature often focuses more on recon guration of frequency,
radiation pattern and the polarization, since bandwidth can be controlled using lters embedded in
the RF chain as well. Such recon gurable antennas are characterized by the number of distinct states
they offer. Compound recon gurable antennas are able to support various frequency, polarization
and radiation pattern diverse states simultaneously. However, they should be able to recon gure
each characteristic independently, with minimal impact to the other characteristics, to be called
compound recon gurable antenna. For instance, consider a 4-6 GHz frequency recon gurable
antenna. Depending on the antenna geometry, the radiation pattern at 6 GHz can be noticeably dis-
tinct from that at 4 GHz when recon gured. However, the designer cannot choose between different
patterns at either 4 GHz or 6 GHz, and only a singe pattern dictated by the design is supported. Hence,
it is incorrect to classify such antenna as compound frequency-pattern recon gurable antenna. In
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this case, the antenna should be classi ed as a simple frequency recon gurable antenna.

Over multiple decades of research, several compound recon gurable antennas have been pro-
posed, each capable of recon guring two of the three fundamental characteristics, whereas, there is
one single design in literature capable of recon guring all three. As we will see, most of the proposed
designs use switches or varactors to achieve recon guration, which works well for a small number
of states, but becomes exponentially complex as the number of active components increase. In this
chapter, we will further investigate how liquid metal multi-functional antennas show potential of
alleviating some of the recon guration range and complexity problems.

2.1 Research objectives

With the goal of devising LM displacement based recon gurable antennas, we will introduce sev-
eral research objectives to explain the motivation behind each study. Since this design space is
new, we must rst review the literature and meticulously analyze the strengths and weaknesses of
each design, and devise strategies for LM recon gurable antennas to rstly perform comparably
to existing designs and secondly, overcome some of the limitations with a new set of trade-offs.
While this chapter focuses on the literature review, the upcoming chapters will propose designs,
their capabilities and the associated trade-offs with respect to existing designs. For this chapter, two
objectives have been de ned as follows:
Obijective 1: Study the state of the art switch-based multifunctional antennas from the literature
Identify switch-based compound recon gurable antennas from the literature and compare them
based on recon guration type, frequency of operation, pattern or polarization recon guration
capabilities, size, etc.
Obijective 2: Study the state of the art LM-based multifunctional antennas from the literature
Identify LM-based recon gurable antennas from the literature and compare them based on recon-
guration type, frequency of operation, pattern or polarization recon guration capabilities, size,
etc.

2.2 Switch-based compound recon gurable antennas

The earliest recon gurable antennas were made using mechanical restructuring of conductors of the
antenna structure ( eg.[25-27]). Development of improved switches lead to a signi cant growth in an-
tennas using diodes, RF-MEMS devices, varactors, or optical switches for antenna recon guration  [1,
2]. While diodes, RF-MEMS switches and optical switches provide simple ON / OFF states, varactors
can add several states to the antenna, since the capacitance across a varactor varies continuously in
relation to the applied bias voltage. As a result, compound recon gurable antennas end up with
numerous switches on the aperture to support different states. Below we will see selected compound
recon gurable antennas from the literature and understand their recon guration mechanism.
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Frequency-pattern recon gurable antennas

Frequency recon guration is often obtained by lengthening or shortening the current carrying
conductor, whereas pattern recon guration is often achieved using shorting vias, slots or modi-
cations to the ground structure. For instance, in  [28], a single patch structure with shorting vias
at the center of the patch is used for compound frequency-pattern recon guration as shown in
Figure 2.1a. Varactors and stubs attached to both sides of the patch help in tuning the patch, whereas
the shorting vias at the center of the patch help in exciting different current distribution modes
(T M; 100 and radial mode) on the patch, leading to varied radiation patterns. The varactor loading
assists in supporting a frequency range of 2.68 GHz to 3.5 GHz supporting two distinct patterns,
a patch like pattern and a monopole-like pattern at each frequency, as a result of the two current
distribution modes.

Alternate means to achieve pattern recon guration involves the use of multiple radiating ele-
ments. With the use of loading varactors or switched capacitors /inductors, the resonant frequency
of an antenna element can be manipulated slightly, such that the element impedance becomes
capacitive or inductive at the frequency of interest. When these tunable elements are used in arrays,
the antenna impedance phase manipulations can be used to replicate the behaviour of a phased
array and beam steering is be achieved. For instance, the array design shown in Figure 2.1b uses
two patch antennas whose frequency is independently tunable using stubs tted with varactors
[14]. Additional bias circuits are attached at the ends of the stubs. Precisely controlled bias voltages
can nely tune the resonances that are slightly offset in frequency to impart beam steering. Using
this approach, the design can tune its operating frequency between 2.15 GHz and 2.38 GHz, and
independently, the broadside beam is steered to a maximum of 23 off broadside.

Figure 2.1 Frequency-pattern recon gurable antennas. a) frequency recon guration is achieved using

the stubs connected using varactors, while pattern recon guration is achieved using the vias at the center
of the patch [28], and b) The 2 patch element frequency pattern recon gurable antenna  [14]. Frequency
recon guration is achieved using the varactor tuned stubs, whereas pattern recon guration is achieved by

ne tuning the resonance of one of the patch, to make its impedance capacitive or inductive with respect

to that of the other patch using a different bias voltage, thus replicating a phased array.
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Other designs for compound frequency pattern recon guration include slot antennas with
shorting diodes [29, 30] or slits at the slot edges [31], that change the current distribution on the
radiating aperture and steer the beam off broadside. While certain designs claim compound re-
con guration, for instance [32], the design cannot support two or more patterns for 2.2-2.8 GHz
or 5.2-5.5 GHz states, providing a single radiation pattern and should not be misclassi ed as a
compound recon gurable design.

Frequency-polarization recon gurable designs

A modi cation of the design in Figure 2.1a can be used as a frequency polarization recon gurable
antenna as well [16]. By moving the patch feeding point to the diagonal of the patch, two orthogonal
linear polarized modes are excited on the patch. Varactor loaded stubs on opposite sides of the
patch are used for ner control over the resonant frequency of each mode individually. This imparts
a frequency tunability between 2.4-3.6 GHz and two orthogonal linear polarizations. By combining
the two independently tuned linear polarizations, such that one of them has a 90 offset from the
other, left-handed or right-handed circular polarization can also be excited. Thus the antenna
can support various linear polarizations and circular polarization, while simultaneously allowing
frequency tunability.

Another compound recon gurable antenna working on a similar principle is shown in Fig-
ure 2.1b. The forward or reverse biased diodes control the resonances of linear components to
support various linear polarizations, simultaneously supporting a 1.35-2.25 GHz operating fre-
guency span [17].

Figure 2.2 Frequency-polarization recon gurable antennas. a) A diagonally fed patch antenna connected

to varactor loaded stubs on all sides [16]. Varying the bias of the loaded stubs aligned with the x or y axis
changes the resonant frequency of the X or ¥ component respectively, allowing the system to support both
linear and orthogonal polarization. b) Forward or reverse biased diodes can allow the antenna to switch
between linear X y, or45 polarized modes [17].
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Frequency polarization recon guration is also achieved by very simple means such as shorting
slotsona nite ground plane [33] or by recon guring the feed to switch between left handed and right
handed circular polarization by creating a 90 phase difference between two linear component
feeds.

Frequency-pattern-polarization compound recon gurable designs

While we have seen several designs capable of recon guring two out of the three antenna
characteristics of interest, the recon gurable aperture (RECAP) architecture proposed by Maloney
and Pringle et. al. [34] provides means to independently recon gure all three. The RECAP is a
parasitic aperture consisting of numerous electrically small patch antennas, with adjacent patches
interconnected using switches (typically p-i-n diodes). This allows for a large degree of control over
the ow of current over a pixelated parasitically excited aperture, simply by turning the switches
ON or OFF, This forms the cornerstone for enabling frequency, pattern or polarization compound
recon guration.

Between 2011-2014, Jofre, Cetiner and Rodgrigo et. al [19, 35, 36 used this architecture to create
a compound frequency, pattern and polarization recon gurable antenna. A parasitic aperture
consisting of 36 electrically small ( < = 10) patches interconnected using 60 PIN diodes was driven
by a patch antenna at the bottom. With 60 switches, around 10 18 states are possible, but many states
do not provide favourable or distinct radiating characteristics. As a result, genetic algorithms were
used to identify useful states. Using this designs, a compound frequency (2.4-2.95 GHz), pattern
(+30,0,-30 inE-and H-plane) and polarization (two linear, and two circular modes) is supported
as demonstrated in [19].

Figure 2.3 Frequency-pattern-polarization recon gurable antennas. a) The recon gurable aperture (RE-
CAP) architecture, consisting of electrically small patches, interconnected using diodes  [34], and b) The
compound recon gurable antenna formed using the RECAP architecture  [19].
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2.3 Comparison of switch-based compound recon gurable antennas

Table 2.1 provides a comprehensive comparison between the various switch-based compound

recon gurable antenna designs from the literature. Various parameters such as the type of antenna,

recon guration means, operating frequency range, number of switches and size of the aperture are

used for comparison.

Table 2.1 List of recon gurable antennas from literature (F - Frequency, B - Bandwidth, R - Radiation

Pattern, P - Polarization recon guration), their capabilities and implementational details (from [37]).
References Antenna  Recon guration Recon guration Frequency No. of Antenna
Type Type Means (GHz) Switches  Size (mm)

[38] Monopole Frequency PIN-Diode 1.77-2.51 4 50x120
[39] Slot Frequency PIN-Diode 1.73-2.28 2 50x80
[40Q] Patch Bandwidth PIN-D /MEMS 2-4 8 12x12
[41] Slot Bandwidth PIN-Diode 1.64-2.68 6 10x64
[42] DRA Rad. Pattern PIN-Diode 5.8 8 50x50
[43] Patch Rad. Pattern PIN-Diode 2.45 8 95.5x100
[44] Bow-Tie Polarization PIN-Diode 1.3-1.85 4 58x58
[45] Patch Polarization PIN-Diode 2.1-2.6 24 60x60
[46] Monopole F/B PIN/ varactor 3.9-4.82 3 25x75
[47] Monopole F/B PIN/ varactor 0.72-3.44 4 65x120
[48] Monopole F/B PIN-Diode 3.4-8/4.7-5.4 4 70x70
[14] Patch F/IR varactor 2.15/2.25/2.38 2 151.5x160.9
[49] Slot F/R PIN-Diode 3.6/3.95 2 30x40
[31] Slot FIR PIN-Diode 1.8/1.9/2.05 14 130x160
[50] Monopole F/P varactor 1-1.6 112 88x114
[51] Patch-Slot F/P PIN-Diode 2.4/3.4/4.1 2 60x65
[33] Monopole F/P PIN-Diode 1.9-2.7 2 40x70
[52] Patch F/ P varactor 2-3.1 1 100x100
[53] PIFA R P PIN-Diode 2.5 1 50x50
[54] Slot R/ P PIN-Diode 5 36 78x78
[18] Helical R/P PIN-Diode 0.9 32 81x81
[19] Patch F/IR/IP PIN-Diode 2.4-3 60 75X75
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2.4 Observations for switch-based compound recon gurable antennas

After observing Table 2.1, we can compare their capabilities against the DARPA ACT speci cations
given in Chapter 1 and compile a list of advantages and limitations of the switch-based compound

recon gurable antennas.

Advantages:

1. Building the designs using switches is fairly simple. Hence, we notice designs tted with as
much as 112 switches on a single antenna.

2. All of the designs use RF-MEMS or semiconductor switches, with a low switching time of
250 s, much lower than the required 1 ms.

3. One design [19] has been able to achieve compound frequency, pattern and polarization

recon guration.

Limitations

1. Switches only change currents on a very small part of the geometry leading to a poor diversity

between the different radiating states supported by a switch based design. It can be observed

that it is dif cult to have a wide range frequency tunability using switch-based designs. De-
signs using varactors provide continuous frequency tunability, but the range of frequencies

supported is narrow. Otherwise, the designs only support 2-3 discrete operating frequencies.

2. To add more states, a large number of switches (up to 112) need to be added. Several different

combinations of these are possible, which raises the design complexity signi cantly - both in
terms of identifying useful states and integrating bias lines.

3. Almost all the pattern recon gurable antenna designs only steer the main beam in a single
plane. This is a major distinction between the capability of the designs presented here and
the DARPA ACT program speci cation of all plane (2D) steering capabilities.

4. Diodes and varactors typically have high power handling concerns. Highly linear, low distor-
tion semiconductor devices are dif cult to design and the eld witnesses minor year to year
improvements. RF MEMS devices, on the other hand, can handle higher power, but require
very high actuation voltages. Many high power semiconductor devices have high insertion

loss, which also increases the total heat dissipation of the antenna. For this reason, ferrites are

used for high power recon gurable devices.

We observe that the switch-based designs offer many distinct states, but their capabilities in

recon guring frequency, pattern or polarization fall short of the ambitious speci cations laid out in
the DARPA ACT program, discussed in Chapter 1.
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2.5 Liquid metal recon gurable devices

Switch-based recon gurable antennas have been researched widely in the past decades and very
complex designs have been proposed [1, 2]. On the other hand, LM-based recon gurable devices
proposed so far have been very elementary - both in terms of construction and function [20]. The
core idea behind the using LM for recon guration is that it can be migrated over large distances
on an antenna aperture, to create a substantial change in antenna radiation characteristics, un-
like the localized changes in impedance offered by switches. Perhaps, the most motivating and
simultaneously ambitious idea is to have complete control of LM over a planar 2D surface, allowing
an antenna to support a large number of distinct states, becoming a default antenna for software
de ned radio. The demonstrationin  [55] certainly captures the researchers' imagination, but leaves
a lot to be desired when we consider the practical implementational challenges.

Areas of focus for this research includes developing designs that use displacement of LM in the
antenna substrate for recon guration, materials and processes to synthesize such antennas, and
techniques to displace the LM inside the substrates. In this chapter, we will focus on the various
antenna designs, while the next chapter will detail the other two areas.

Below, some of the selected LM based recon gurable antennas are presented. Since LM-based
recon gurable antennas are in the nascent stage of development, very few designs have been
published that present compound recon gurability. To explain the design space better, individual
frequency, pattern or polarization recon gurable antennas also have been included in this literature
survey.

2.5.1 Frequency recon gurable LM antennas

Due to the relative ease of owing liquid metals inside circular cross section channels (or mi-
crochannels), LM is frequently used to build frequency recon gurable antennas. By lling LM within
channels or withdrawing it, the length of the the LM plug can be manipulated. As a result, the length
can be altered over a large, continuous range, leading to a wide, continuous operating frequency
range for LM antennas.

As an example, Figure 2.4a presents a LM monopole antenna [56], in which the length of the LM
plug in the channel is varied from 4 mm to 75 mm. This results in a large tuning range of 0.66-3.4
GHz (5.2:1). Similarly other examples have also demonstrated frequency recon guration over a
shorter frequency span, using a monopole [57, 59|, slot [60—63, microstrip [64] or dipole geometry
[58] (see Figure 2.4) and other means to move the LM within the channels.

2.5.2 Pattern or polarization recon gurable devices

Using LM displacement, polarization recon guration can be achieved by lling channels supporting

the desired polarization. Filling the channels with metal supports currents owing in the particular
direction, changing the polarization of the antenna. For example, in Figure 2.5a, ve pairs of channels
are built, each pair capable of forming a dipole antenna  [65]. Based on the pair of the channels
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Figure 2.4 Frequency recon gurable antennas. a) A monopole antenna constructed by electrochemical
actuation of LM inside narrow capillaries, using a DC potential mixed with RF using bias tees [56], b) Pneu-
matically actuated LM inside narrow channels, with oxide residues reduced due to presence of electrolytes
[57], ¢) The structurally embedded vascular antenna, enabling frequency recon guration by change in

length of the LM column lled inside vascularized substrates  [58].

metallized, the antenna can support linear0 , 45, -45,90 and -90 polarizations, making it a
polarization recon gurable antenna. While the pattern also varies slightly, the designer cannot
choose between various patterns for each polarization, hence itis classi ed as a simple polarization
recon gurable antenna.

Alternatively, slots on a E-shaped patch antenna are shorted selectively to enable polarization
recon guration [66]. For instance, in Figure 2.5 b, three slots are etched on a patch antenna. Each
slot is shorted either fully or partially using LM columns (in grey). Based on which slot is shorted
and the length of the LM column shorting it, 10 , 30,45 ,60 and 90 , and circular polarizations
can be supported.

The capability to ow LM plugs inside channels also enables pattern recon guration. In Fig-
ure 2.5¢, we observe that the driven element formed from etched copper, radiates an omni-directional
pattern. By pumping longer - Re ector and shorter - Director parasitic, mercury-based LM plugs
inside the circumscribing channel enabled the design to convert the omni-directional pattern to a
directional pattern in the plane of the antenna structure  [67], thus exhibiting pattern recon guration.
Other means to achieve pattern recon guration is to form an array and vary the self-impedance of
the antenna elements [68], thus imparting a phase shift by varying the conductor length using LM.
This replaces the phase shifters tted into the exciting sources for individual arrays.
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Figure 2.5 Pattern or polarization recon gurable antennas. a) For the polarization recon gurable dipole
antenna, a particular polarization is attained by metallizing one of the ve pairs [65], or b) Slots on a patch
are selectively shorted for polarization recon guration  [66], and c) Pattern recon guration is achieved by
owing parasitic LM plugs inside channels  [67].

2.5.3 Compound recon gurable devices

As seen above, frequency recon guration for LM antennas is easily attainable by manipulating
the length of the LM column lled inside a dielectric tube. Designs exploit this method to gain
independent control over the operating frequency of the antenna and use another independent
mechanism for pattern or polarization recon guration.

Figure 2.6a displays a liquid metal yagi monopole antenna capable of simultaneous frequency
and pattern recon guration. The metal intube L, is fed using an RF source and the length of the
LM column inside this tube dictates the operating frequency of the antenna. Column lengths of 25
mm (0.2 ;) and 14 mm (0.18 ) correspond to the operating frequency of 2.4 GHz and 3.87 GHz
respectively. The spacing between the channels L - L;is keptas25mm (0.2 gat2.4 GHzor0.32
at 3.87 GHz). Once thetubes L1 - Lz and L5 - L; are lled with LM at the appropriate lengths, the
antenna operates as a Yagi-monople antenna, where the directors are LM columns with lengths
less than thatin L, that direct the beam towards them. Simultaneously, the re ectors on the other
side of L, are LM columns with lengths greater than thatin L, and direct the beam away from them.
This results in an increase in gain in the plane containing all the tubes and constitutes a signi cant
change in pattern, with low or no change in operating frequency of the antenna. Thus this design
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Figure 2.6 Compound recon gurable antennas. a) The frequency, pattern compound recon gurable
antenna formed using a monopole yagi geometry. Tube L4 is attached to the feed while other tubes form
the recon gurable parasitic beam-steering elements  [69], and b) The cross dipole antenna, with x and
y axis aligned arms, that allow exciting either or both linear polarizations, in phase or 90 out of phase,
enabling linear and circular polarization recon guration along with frequency recon guration [70].

presents a compound frequency-pattern recon guration.

While the principle of operation for this antenna is sound, the design cannot be used in practice,
as it neglects the LM actuation technique. Since the tubes are partially lled with a uidic metal,
tilting it or rotating the antenna will either lead to spillage of LM or change in lengths. Furthermore,
it doesnt solve the problem of adhesion of LM to the tubes, that we discussed about in the previous
chapter, making this design a 'one-time' recon gurable design.

In another example, Figure 2.6b presents a demonstration for simultaneous frequency-polarization
recon guration. The operating frequency of the cross-dipole structure is controlled by changing the
length of the LM column inside the capillaries - |, or |,. Furthermore, since the design supports
currents distributed along both these LM wires, aligned with both x and y axes, both X and y
linear polarizations are excited at a given frequency, based on the lengths I, or I . One of these
linear polarized components is excited for linear X or ¥ polarized radiation pattern. When both
components are excited in phase, we geta 45 polarized response, whereas exciting them with a 90
phase shift is used to generate left-handed (LHCP) or right-handed circular polarization (RHCP).
Since, the frequency and polarization response is well-separable, the antenna achieves compound
frequency 0.8 - 3 GHz and polarization recon guration( X or § over 0.8 -3 GHz and CP over 0.89-1.63
GHz).

Since this design uses electrolytes to actuate the displacement of LM inside the capillaries, the
LM adhesion problem is solved. However, the presence of electrolytes next to the LM has been
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known to cause low radiation ef ciency for antennas  [56]. Furthermore, the device has not been

tested for ow of LM against the gravity inside the channels.

2.6

1.

2.7

Limitations of LM compound recon gurable antennas

Even with numerous proposed methods to move liquid metal inside channels or on a 2D
surface, studies havent been performed to investigate the practical aspects of using them,
such as dependence on gravity, repeatability, control over LM position, etc, making them
impractical.

The speed of recon guration between various states is 6-8 orders of magnitude slower than
semiconductor based approaches.

. LM devices provide a mechanically weak interface between rigid metal and liquid metal at

the feed, rendering them prone to failure.

. Many LM designs use electrolytes lled next to the liquid metal, which results in poor radiation

ef ciency ( < 50%).

In contrast to p-i-n diodes, or varactors, LM pumps are too bulky and heavy to integrate into
devices. Furthermore, they generally consumer more power as well.

Research outcomes / Summary

We have studied various switch-based compound recon gurable antenna designs from litera-
ture and compared their capabilities against the DARPA ACT program speci cations. Since
there is a gap between the requirements and the capabilities of the state of the art switch-based
designs, new design spaces heed to be explored.

While LM-based compound recon gurable antennas is an evolving eld, there are a few
promising designs, but are constrained by underlying LM displacement mechanisms.

Comparing the LM compound recon gurable designs and the switch-based designs, we
observe that the LM-based compound recon gurable designs are especially capable of sup-
porting a greater and continuous frequency range with a comparable support for pattern
diverse states.
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CHAPTER 3

LIQUID METAL ACTUATION METHODS

3.1 Background

In the previous chapter, we noticed a rising interest in exploring uidically tuned microwave devices.
While such devices provide obvious improvements with respect to power handling, linearity [20],
the maneuverability of liquid metals (LM) also make them compatible and an attractive option
for exible devices [71-73 over existing semiconductor or MEMS based devices. Not restricted to
these applications, the ow of LM within electromagnetic devices also provides attractive means to
achieve a time-varying response for them, since their response is largely governed by the geometry
of their metallic and non-metallic portions. The examples shown in Chapter 2 highlight that physical
recon guration of LM offers more exibility than mere controlling impedance over a small region
in the device using switches. Especially in the case of antennas, this provides several new degrees of
freedom to create a recon gurable frequency, pattern or polarization response.

Displacement of room-temperature LM inside glass or plastic con ning structures is typically
used for antenna recon guration, enabling length or position alterations to the metallized portions
of the antenna geometry [20, 21]. The range of these alterations can be large and continuous which is
practically infeasible using substrates metallized with copper traces that are tted with switches. To
allow such alterations, the polymeric substrates require embedded, hollow channels. Traditionally
engineered substrates built for PCB designs with a solid-phase metallization are devoid of such
channels and hence incompatible. As a result, LM electronic devices usually require custom-made
substrates through 3D printing or sheet lamination methods. A drawback for these is that the
materials readily available for either process havent been previously characterized for their electrical
or magnetic properties. In this chapter, we will investigate options for building custom substrates
and measure their electrical properties to design and construct electromagnetic devices.

LM device designs in literature simply displace LM inside capillaries to form simple structures
such as monopole antennas [56, 57, 74, or dipole antennas [58]. More complex antennas require
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versatile methods of forming curved capillaries or hollow planar channels inside substrates. 3D
printing has previously been demonstrated to readily build such channels with a high precision
[75-77], however, the designs are non-recon gurable and the resins have high dielectric dissipation.
Low loss 3D printable resins or lamination of low-loss polymeric sheets  [60, 78] can serve as an
alternative for building designs and owing LM, but requires further study.

Another important aspect of fabricating LM recon gurable devices is the selection of the means
to displace ("actuate") the LM inside the formed channels. While it is easy to propose device de-
signs that feature ow of LM for recon gurability, the designs need to be built using well-de ned
and practical LM actuation methodologies. Following properties are associated with an ideal LM
actuation method.

* Reversible

Flow LM back-and-forth without leaving residues.

* Repeatable and Reliable
LM plugs can be moved back-and-forth several times, producing consistent electrical response.
At the same time, LM actuation should be consistent and not reliant on gravity.

* Fast
Making LM displacement fast, to switch between states at least faster than 1 second.

 High degree of control
LM can be moved over distances as small as 0.5 mm and as large as 20 cm precisely. LM plug
length alterations should also be precise.

* Rugged electrical interface between rigid and liquid metal
Number of LM-rigid metal interfaces should be reduced, if not completely eliminated. This
will reduce the risk of leakage of LM enclosed within the device.

The selection of a liquid metal also in uences the choice of LM actuation method. Section 3.3
provides details about the choice of LM and associated trade-offs. Not only limited to choice of
LM, some substrates and geometrical design of the device also limit the choice of an actuation
method. For instance, if a particular actuation method requires presence of a strong acid, it should
be non-abrasive to the substrate for compatibility.

Examples from literature have often simply (and impractically) relied on gravity to assist with
LM motion [59, 69, 7§, while others include a dielectric pushing uid for actuating bidirectional
motion [57, 58, 60, 79. Apart from these there have been several techniques proposed so far, but
their applicability has been limited due to critical shortcomings associated with each of them. We
will study each of these techniques and their weaknesses in detail in this chapter. Since none of
them is considered as a preferred, reliable technique yet, we devise new actuation techniques that
improve upon the predecessors' shortcomings. A detailed study of their bene ts and weaknesses is
also included.
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3.2 Research objectives

Obijective 1: Understanding the various LM actuation processes from literature
Compile a list of commonly-used LM actuation process, their capabilities and weaknesses.

Obijective 2: Identifying suitable materials for antenna fabrication

Since regular PCB substrates cannot be solely used for LM recon gurable antennas, different 3D
printed and uidic material options should be explored and characterized for their electrical prop-
erties.

Objective 3: Developing new LM actuation mechanisms

Novel LM actuation mechanisms need to be developed focused on improving reversibility, reliability,
repeatability, speed and degree of control. Comparisons between the newly developed mechanisms
and published mechanisms to be made.

3.3 Choice of a liquid metal

The use of LM for constructing antennas was initially proposed in 1940s  [80, 81]. Up until a couple
of decades ago, the prominent choice of a liquid metal for constructing recon gurable RF devices
was mercury. However, signi cant strides in the eld of developing room temperature LM antennas

are not observed because of mercury's toxic nature. Eventually, for progress in the eld of LM-based
mechanical, electrical and electronic devices, other choices for room-temperature liquid metals
were explored. These options with their respective melting points (M.P.) are stated below:

e Mercury - Hg (M.P.:-39 C)
Gallium-Ga (M.P:30 C)

e Cesium-Cs (M.P: 29 C)

* Francium - Fr (M.P.: 27 C)

¢ Rubidium-Rb (M.P.:40 C)

Of these options, the bottom three are radioactive. So discarding mercury, the only suitable,
remaining option is gallium. However, its melting point is slightly above the ambient room tempera-
ture (25 C). It was discovered that the metal's melting point can be reduced by alloying it with other
metals such as indium (In) or tin (Sn). The mixture thus formed, has a melting point lower than its
constituent elements. The lowest M.P. over all combinations of the constituent elements is called
the eutectic point. The conductivity of these alloys was studied and found out to be higher than that
of mercury [84, 85]. For a high DC conductivity (  p¢), two speci ¢ combinations are identi ed:

+ EGaln: Eutectic gallium and indium (M.P.15.5 C; pc = 3.4x 10° 9 m), an alloy consisting of
75.2% gallium and 24.8% indium by weight.

« Galinstan: Eutectic mixture of gallium, indium andtin (M.P. 10.7 C; pc = 3.46x10° S m)
[86], an alloy consisting of 67%, 20.5% and 12% of gallium, indium and tin respectively by
weight.
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Figure 3.1 a) The oxide skin allows liquid metal droplets to stand vertically above the other without collaps-
ing [82], and b) The residues left inside glass capillary after owing gallium alloy - EGaln through it [83].

As it can be observed, addition of tin to the mixture not only lowers the melting point, but also
marginally enhances the DC conductivity. Nevertheless, both alloys are liquids at room temperature
and can be used as viable options. Their liquid phase makes them an attractive alternative not just for
building recon gurable antennas, but also for liquid phase metal patterning [87], non-recon gurable
complex shaped devices [75—77], and exible /stretchable electronics [71, 72].

The use of gallium, however, has its downsides. Gallium tends to oxidize instantaneously, even
in environments with trace quantities of oxygen (oxygen concentration of about 1 ppm [23]), leading
to the formation of a thin oxide skin on the surface  [88]. In contrast, droplets of mercury tend to
form skin-free beads due to their high surface tension. The oxide skin covered gallium alloy droplets
can be free-standing and stable in non-spherical and non-equilibrium states ~ [82] as shown in Figure
3.1a. While this phenomenon is very intriguing, and has been cleverly exploited to devise fabrication
methodologies ( e.g.[87, 89)), the oxide skin is often undesirable as it adheres to the surfaces of most
substrates the LM ows through. Consequently, it becomes extremely dif cult to freely circulate
the liquid alloy in within channels without leaving residues (Figure 3.1b) or conductive traces [83],
restricting a few use cases, recon gurable electronics for instance. In section 3.4, we will survey a
few existing options to solve this issue and reliably use gallium alloys for recon gurable microwave
devices. We will also compare these techniques and explore their weaknesses and strengths.

3.4 Existing LM actuation methods

Liguid metals are usually con ned within channels for constructing electromagnetic devices. To
create a time-varying response, varied techniques are used to actuate the LM. A desirable actuation
method is reversible, repeatable, fast and enables a high degree of precision. Broadly, the LM
actuation methods proposed in literature to date can be categorized as:

* Fluidic pumping approaches

« Electrolyte based approaches
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 Laplace pressure shaping (LPS) based approaches
« Electrowetting on dielectrics (EWOD) based approaches

These techniques are very diverse and vary on account of several aspects such as mechanisms to
minimize LM residues, their dependence on gravity, number of states supported, speci ¢ structural
modi cations requirements and so on. In this section, we will brie y review these approaches and
compare their capabilities. Furthermore, this comparison will provide ideas for critical aspects to
consider while developing new LM actuation methods.

3.4.1 Fluidic pumping approaches

The simplest LM actuation scheme is to ow it through channels, exploiting the liquid-phase of the
metal. However, as discussed earlier, owing LM inside channels has been challenging due to the
formation of gallium-oxide skin that adheres to the channel walls leaving LM residues as shown in
Figure. 3.1 b. Itis therefore critical to study the reversibility and repeatability of LM motion inside
channels and develop methods to improve it. Published studies use electrolytes to clean the residues
after LM actuation or use electrolyte based LM actuation [56, 90]. However, electrolytes have high
RF conductivity (5-25 S/ m) and reduce the device ef ciency. As a result, they should be avoided for
RF devices. Many studies ignore the reversibility and repeatability aspect altogether and require
regular cleaning of the residues with electrolytes, making these devices impractical. One study has
conducted these tests up to 100 cycles [79], but the device consisted of a single LM droplet inside a
straight channel forming an RF switch.

Lastly, to reliably control LM ow inside channels, a pushing (or carrier) uid is necessary. In
literature, designs use low electrical loss exhibiting mineral oil or electronic uids as a replacement
for electrolytes. Dielectric pushing uids control the motion of LM plugs inside channels [58, 60].
Formation of a slip-layer by pre-wetting the channels with pushing uid limits LM adhesion, thereby
reducing LM residues on the channel walls. However, long term effects for this technique havent
been studied. Furthermore, for the pushing uids, the electrical properties and their miscibility
with LM should also be investigated.

For uidic approaches, to circumvent LM adhesion, numerous techniques have been proposed
such as: 1) use of electrolytes co-existing in channels [56, 74], 2) Formation of a slip-layer [89], 3)
Use of surfactants [79], 4) Chemical oxide-phobic coatings on surfaces [91], 5) Microstructuring the
surfaces. Of these, the rst three have been used extensively, but their long term effectivity hasnt
been studied. Structuring the surface or using chemical superhydrophobic coatings on the substrate
walls [91] has been demonstrated to avoid adhesion over a long time-span. However, they have only
been studied for circular cross section channels and without pushing uids. Further exploration of
LM actuation approaches can bene t designs using different geometries and substrate fabrication
methods.

To test superhydrophobic coatings for planar surfaces, we built a planar patch using superhy-
drophobic coated and laminated acrylic sheets. Commercially available NeverWet spray was applied
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Figure 3.2 Superhydrophobic coats enable reversible ow of LM inside planar patch shaped cavities with-
out leaving residues on the walls.

onto engraved poly(methyl methacrylate) PMMA sheets and the sheets were bonded together using
chloroform. LM infusion and withdrawal inside the engraved 12 mm 18 mm planar cavity was
repeated up-to 7 times. As shown in Fig. 3.2 EGaln did not adhere to the channels demonstrating
the effectivity of the approach. While superhydrophobic coatings were effective in solving the LM
adhesion issue, LM actuation was based on simple infusion and withdrawal using a syringe. This
mechanism required micro-vents at the top of the channel acting are air-outlet  /inlet and was reliant
on gravity. This implies that the antenna can only recon gure in a vertical orientation for this gravity
assisted scheme. Furthermore, it observed that despite the gravity-assisted actuation, it was not
possible to precisely control the level of LM lled inside the channels, restricting the device to binary
states with fully infused or empty channels. As a result, we decided to ow LM inside channels as
high aspect ratio cylindrical plugs for all the studies conducted.

3.4.2 Electrolyte based processes

As oxidation of the gallium alloys exposed to atmospheric oxygen causes the formation of a thin
skin, which adheres to most surfaces. Reducing agents such as electrolytes assist in dissolving

Figure 3.3 a) The residues of LM (EGaln) left on the internal channel walls, and b) Using electrolytes to
remove residues and actuate LM ow. (Images from  [83]).
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the skin, producing elemental gallium. As a result, the presence of electrolytes in the channels
containing liquid metals prevent residues, allowing a reversible and repeatable ow of the alloys
inside channels. In the absence of the skin, the alloys ow through channels with a high surface
tension, and behave like mercury. Furthermore, by carefully manipulating the surface tension of the
LM plugs inside channels, electrolytes can also be used to actuate the motion of LM inside channels
without pumping. The driving force in this case is supplied by a DC bias. There are a few ways in
which electrolytes have been used to actuate LM as explained below.

3.4.2.1 Pumping of electrolytes

Electrolytes can be owed inside the channels along with LM using pumping to actuate LM. Due

to the continuous oxidation and reduction reactions, no residues adhere to the channel walls [92].
Thus LM can be actuated reversibly and repeatably. On the other hand, electrolytes can also be
owed after pumping LM through the channels. In this case, electrolytes are used to simply clean LM
residues, as demonstrated in [58]. While it can be a preferred implementation for some applications,
requiring a one-time, non-reversible displacement of LM, it is not practical for most applications,
e.g.LM recon gurable antennas.

3.4.2.2 Continuous electrowetting (CEW)

When a LM dropletisintroduced into a capillary lled with electrolytes, electrochemical mechanisms
induce charges onto the surface of the LM plug as shown in Figure 3.4a. Thus, an interfacial layer is
formed between the electrolyte and the called the electrical double layer (EDL), which isolates the

Figure 3.4 a) The schematic of the continuous electrowetting process for reversible ow of LM plugs inside
microchannels [90], and b) The schematic of the electrochemically controlled capillarity (ECC) process
allowing reversible ow and LM length modi cations [56].
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LM plug from the electrolyte. By manipulating this interface, the interfacial surface tension of the
LM plug can be controlled, simply varying the applied potential difference across the electrolyte as
given by the Lippmann's equation [93]:

C
= 0 E(V Vo) (3.1)

Where s the surface tension of the LM plug in response to an applied voltage V and gisthe
maximum surface tension of the LM plug at voltage V. A potential gradient formed along the length

Figure 3.5 a) The oscillating ow of EGaln within the linear channel containing an electrolyte (NaOH),
whena 3V square wave is applied at the ends, b) The structure of the channel consisting of consecutive
circular chambers and ow of EGaln through them, ¢) The topology of the recon gurable slot antenna
fabricated using the channel structure. The images are taken from  [62], and d) Selective metallization of
channels with LM, using the CEW technique [94].
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of the plug can actuate the motion of the LM plug. For instance, Figure 3.4a illustrates two cases. At
the top, the LM plug is at rest and the charges on the EDL and the electrolyte layer below and above
the plug are evenly distributed. As soon as a potential difference is applied between the ends of the
capillary, the positive charges on the LM plug accumulate in the direction of the negative terminal,
and leads to formation of a potential gradient, and a small amount of current ows through the
electrolyte. Thus the surface tension of the plug gradually decreases towards the right side of the
plug. This causes a ow of the LM plug towards the negative terminal. This phenomenon is called
continuous electrowetting (CEW).

The speed of the LM plug for this technique depends upon the surface tension gradient formed
on the LM plug. Hence, it can be increased by raising the potential difference across the electrolyte
or raising the conductivity of the electrolyte. Several MEMS devices have been demonstrated in
[90] using mercury as a liquid metal. The peak speed achieved was about 40 mm /susinga?2.8V
actuation voltage.

CEW has been used to construct recon gurable gallium alloy antennas as well. In  [62], a 30
Hz square wave with 3V amplitude was applied to the ends of the electrolyte to induce oscillat-
ing motion of the the EGaln within the channels, as shown in Figure 3.5. While square /circular
cross section linear channels didnt provide suf cient control over positioning, channels made of
consecutive circular chambers were developed [62], as shown in Figure 3.5b. Since the pressure
required to travel through the narrow opening between the chambers is higher, the channel provides
a locking mechanism for precise LM positioning and a bidirectional ow can be achieved. Using
such channels, a liquid metal slot antenna is demonstrated in  [62] (see Figure 3.5) and [95]. In
more complex setups, this can also be used to selectively metallized particular channels with LM
by applying electric potential at the end of corresponding channels as demonstrated in [94] and
Figure 3.5d.

3.4.2.3 Electrochemically controlled capillarity (ECC)

Electrochemically controlled capillarity is also based on change in the surface tension of the liquid
metal immersed in an electrolyte. However, in this case, the oxide skin, formed on gallium alloys
plays a vital role in enabling it. Using reduction and oxidation reactions on the surface of a gallium
droplet, the skin can be formed or dissolved. This leads to a large change in the surface tension.
When performed inside a capillary with a large reservoir at its ends, the EGaln can be owed out
or lled back into the reservoir. Thus, the principle of re-capillarity, along with the large surface
tension change due to redox reactions enable ECC, as shown in Figure 3.4b.

The advantage of ECC is that it allows continuous LM plug length modi cations. This enabled a
demonstration of the LM recon gurable monopole antenna [56], where the length of the LM inside
the capillary was varied from 4 mm to 75 mm to change the operating frequency from 0.66 GHz - 2.6
GHz as shown in Figure 3.4c. This technique has been further extended to a cross dipole antenna to
demonstrate a compound frequency and polarization recon gurable antenna [70].

Apart from these techniques, several others such as used of acidi ed paper-based substrates
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Figure 3.6 a) The structure of the LM monopole antenna for implementing ECC, demonstrating the capil-
lary, LM reservoir and the DC bias assembly, b) The fabricated prototype and c) The frequency response
of the antenna as the length changes from 10 mm to 65.5 mm during withdrawal and injection of LM

from /into the capillary, demonstrating actuation repeatability ~ [56].

[96] to build con ning channels, acidi cation of mineral oils for residue-free LM motion [97] have

been proposed.

3.4.2.4 Advantages

1. Residue-free: Electrolytes dissolve any formed oxide, leading to a residue-free actuation.

2. High repeatability: Inthe absence of any residues, the LM plug in the high surface tension
state can be transported with high repeatability.

3. Fixed/variable length: Using electrochemical actuation, two techniques are shown that en-
able motion of LM plugs with xed or variable lengths.
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4. Large number of states: Variable LM plug lengths and a large number of possible positions
means that the LM device can support many states, if designed properly.

3.4.2.5 Disadvantages

1. Electrical losses: The long-standing problem discouraging the use of electrolytes for con-
structing LM antennas with channels co- lled with electrolytes is that they exhibit a slightly
conductive behaviour, at DC as well as RF. At the operating frequency of the electronic cir-
cuit/ antenna, this leads to leakage of the current, degrading their ef ciency. Aqueous solutions
have low conductivity, but they are ultimately a mixture of the electrolyte with water, which
is highly dissipative at RF. Techniques such as CEW and ECC rely upon highly conductive
electrolytes for faster motion of the LM plugs, which essentially reduces the device ef ciency
[56]. The only solution to prevent this trade-off is to avoid the use of electrolytes altogether.

2. Gravity dependence: CEW, ECC actuate LM motion. However, it halts or slows down signi -
cantly when the LM plugs need to be transported against gravity. The low viscosity of most
electrolytes implies that pumped ow of LM plugs against gravity will also be non-repeatable.

3. Low speed: By pumping electrolytes, the peak speed can be higher, but the techniques using
electrochemical actuation generally transport LM plugs at a low speed. ECC generally exhibits
high asymmetry between infusion and withdrawal rates.

4. Additional circuitry:  CEW and ECC techniques require a DC bias. As a result, DC-RF decou-
pling circuits also need to be added to the device.

5. Corrosion: Concentrated electrolytes can potentially lead to corrosion of the substrate or
metallic parts of the device. Galvanic reactions are also possible, in the presence of a metal,
liquid metal and electrolytes.

3.4.3 Laplace pressure shaping (LPS)

Whenever any liquid is injected into a narrow channel, the liquid resists the ingress. To overcome
this resistance, additional pressure has to be applied to force the liquid through the channels. The
necessary injection pressure depends upon the contact angle between the liquid and the inner
surface of the channel, the surface tension of the liquid and the channel diameters and is expressed
by the following Young's-LaPlace pressure equation [84].

P=2 cos (1+1) (3.2)
- W H '

where is aninterfacial parameter expressedin N /m, is the contact angle at the interface, and
W and H are the width and the height of the channel. It is evident that liquids with high surface
tension require a high injecting pressure. Likewise, narrower channels also require higher injecting
pressures.
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Figure 3.7 a-b) The Laplace pressure shaping approach [98] and c) Posts added to the channels to drive the
LM ow [71].

This principle has been exploited widely to control the ow of LM. For instance, in Figure 3.7a,
Cumby et. al. [98] created trenches in on a base substrate, suspended LM droplets between the base
substrate and a top substrate and lled the remainder volume with a gas. As the gas is evacuated
from the hollow space between the substrates, a pressure is built on the LM droplets, forcing the

uidic metal to change its shape and occupy the hollow trenches on the base plate. As the gas is
released into the hollow space, the trapped LM forms spherical droplets, due to high surface tension.
Thus Laplace pressure shaping can be used to repeatably, reliably and quickly metallize different
sections of a 2D surface. Hayes et. al [71] created posts within the cavities to redirect the LM through
the channel, lling the entire meandered channel. Once the entire channel was lled, additional
applied pressure forces the LM to occupy the gaps between the posts and form a wide planar patch
lled with liquid metal. In absence of the posts, it is dif cult to uniformly Il a large planar cavity
with LM without leaving air-voids.

3.4.3.1 Advantages

1. Fastactuation: The LPS technique demonstratedin [98] is quick, with LM lling into trenches
at speeds faster than 300 mm/s.

2. High repeatability: If, ideally, a hermetic seal is maintained between the two substrate plates
and LM cannot oxidize (or if mercury is used), the LPS demonstration in Figure 3.7ab can
exhibit high repeatability.

3. Arbitrary 2D shapes: The LPS technique can be used to Il any arbitrary 2D shape with LM,
not restricted to simple wires owing within channels using other techniques.
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3.4.3.2 Limitations

1. Hermetic sealing: The LPS techniques require a hermetic sealing to avoid LM oxidation,
otherwise, the actuation scheme is non-repeatable. Rather than gallium alloys, it is more
suitable for mercury-based devices, since mercury doesnt easily oxidize.

2. Requires vacuum pumps: LPS techniques require vacuum pumps to draw all the lled gas
out of the hollow space within the substrates.

3. Limited number of states: The LPS technique can reliably support only two states, which
limits the functionality of the device.

3.4.4 Electrowetting on dielectrics

Apart from LPS, another technique called electrowetting on dielectrics (EWOD) can be used to
change the shape of a LM droplet. As explained in  [99], a simple EWOD setup consists of a LM

Figure 3.8 a) The schematic of the EWOD process, with reversible transitions between large and small
contact angles [99]), b) The RF switch design using EWOD [99], and c) The electromagnetic polarizer de-
vice formed using the EWOD techniques uses the two states to provide a time-varying signal attenuating
response [100].
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droplet resting on a dielectric slab with an electrode attached below it, illustrated in Figure 3.8a.
When an electrical potential is applied between the droplet and the electrode, the positive charges
accumulate on the droplet, next to the dielectric slab, while the negative charges accumulate on the
electrode. This assists in increasing the contact angle of the droplet and the droplet takes the form
of a pancake. The process is reversible as removal of the potential gets the droplet back to its high
surface tension state. This mechanism makes the approach highly preferable for constructing LM
switches. As shown in Figure 3.8b, these two states can be readily used to make electrical connections
between two electrodes. These transitions can be made at an impressive rate of 60  s.

While the previous example demonstrated the use of EWOD for a single LM droplet, several of
these droplets can be used to create programmable micro uidic devices. For instance, Figure 3.8c
demonstrates an RF polarizer device formed using electrowetting LM droplets onto a substrate ~ [100].
The substrate consists of several trenches and ridges between which the EGaln droplets transition
between an OFF state (droplet state) to an ON state (pancake state). In the ON state, the polarizer
provide about 12 dB of X-band signal attenuation, which drops signi cantly to 1.4 dB in the OFF
state. The transition time between these states was merely 12 ms.

3.4.4.1 Advantages

1. Fasttransitions: The transition between the two states in EWOD is very fast, and the speed
can easily surpass that for LPS.

2. Arbitrary 2D shapes: Using multiple droplets for EWOD, a variety of 2D geometries that
transition between two states can be built.
3.4.4.2 Limitations

1. Binary states: The EWOD process can reliably only transition between two states, limiting its
use.

2. High voltages for actuation: The process requires high actuation voltages to transition be-
tween the states.

3. Gravity dependence: The operation of the techniques in unfavourable orientations, such as
against gravity, isnt studied.

4. Low quantity of electrolytes: EWOD can be carried outin the presence of a very small quantity
of electrolytes to avoid LM oxidation. However, formation of residues can completely hinder
operation for such devices. It is more suited for use with mercury.

35



3.5 Comparison between existing techniques

Table 3.1 compares the existing LM actuation techniques using various criteria. While there are
several criteria to consider, few were identi ed as a requirement to devise a actuation schemes for

practical use. The mostimportant ones for a practical actuation scheme are non-reliance on gravity,

lack of electrolytes, prevention of LM adhesion, high speed, and repeatability. Other criteria such as
the available options of metallic geometries, and number of states, were included as these can be
used to signi cantly enhance the device functionality. Knowledge of strengths and weaknesses of
these technigues also assists in conceptualization of new techniques.

Table 3.1 Comparison of various LM actuation schemes presented in literature.

. Potential . Mi idi
Criteria oentia Electrochemical LPS EWOD Icro udie
Problems Pumps
Low .
Electrolytes Ef ciency Y N Little N
Orientati .
rientation Impractical N Not reported N
Independence
Peak Slow transitions 0.6 mm/s- 300 mm/s 500 mm/s Pump dependent
Speed since ,4gHz = 125 mm 40 mm/s 60-150 s (0.6-16 mm/s)
LM adhesion Irreversible N N N Y (if neglected)/
(avoided using) actuation (Electrolytes) (Hermetic seal) | (Using mercury) | N (using tailored surfaces)
Geometr Design Wire: Reshapable Droplet Wire:
Y limitations variable/ xed length droplets P variable length
. None/ up to
Repeatability Impractical Not reported 100 times
Repetabili Split plug, . Poor surface
P lity pit plug . Hermetic seal Y
concerns electrolyte evaporation treatments
Limited
No. of states Functionality Many Many
Specgl Require special DC—RF High Voltages Integrating
considerations arrangements for decoupling pumps
her
C-SWaP Othe Biasing networks Vacuum Pumps Bulky motors
arrangements
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3.6 Proposed materials

3.6.1 3D printing resins

For printed circuit technology, a variety of engineered dielectric substrates are readily available,
with characterized values of their electrical properties - complex permittivity, permeability and
sheet conductivity of deposited metals. However, these substrates are incompatible with LM, since
LM need to be owed inside channels and cannot be spread onto open surfaces. Silicone tubing,
channels built with lithography or 3D printed channels are ideal for constructing LM devices.
However, the electrical properties of the dielectric materials are not available.

In case of the rapidly developing 3D printing technology, each year we witness emergence of ma-
terials engineered for their mechanical properties enabling parts with greater mechanical strength,

ner resolutions and faster build times. Today, the material options include plastics [76, 77, 101,

102], ceramics [103-105, metal [106] and even chocolate! [107]. For constructing electromagnetic
devices using these materials, characterizing their electrical properties is important. Generally,
polymers used for 3D printing are non-magnetic materials. Hence, the most important property
to characterize is the electrical permittivity to determine their polarizability and the dielectric
dissipation.

To measure the electrical permittivity, a rectangular copper resonant cavity (inner dimensions
- 40 mm x 25 mm x 7.7 mm, 1 mm thick walls) was built as shown in Figure 3.9. The air- lled
cavity was fed from the top which excited the fundamental T M 119 mode at 7 GHz and other higher
order resonances T M319 and T M 39 at 12 and 18.5 GHz respectively. Using the resonant cavity
method to determine the complex electrical permittivity, as previously demonstrated in [108],
several 3D printed resins, acrylic substrates and dielectric uids were characterized for their complex
permittivity and the results are summarized in Table 3.2. It can be observed that 3D printed resins
generally exhibit high dielectric losses when compared to commercial engineered laminates such
as Rogers RT 5880.

Figure 3.9 The dimensions of the rectangular copper cavity, built for characterizing the dielectric proper-
ties of variety of materials
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Amongst the 3D printed resins, it can be observed from Table 3.2 that the thermoplastics such
as ABSPlu®and polylactic acid (PLA) have low dielectric dissipation compared to inkjet printable
materials such as VisiJet M3 Crystal. However, the 3D printing technique, fused deposition modeling
(FDM) used for printing thermoplastics, struggled to build hollow channels with diameters <15
mm. On the other hand, PolyJet printing based M3 Crystal resin was able to build 450 m diameter
channels but had signi cant dielectric losses. Stereolithography (SLA) based resins such as Formlabs
Clear and B9C Black provided a reasonable compromise between achievable dimensions and
dielectric losses. Channels with inner diameters as low as 290 m have been built using Formlabs
printer [110]. While SLA printable Cyanate Ester enables both - a ne resolution and low dielectric
loss, the 3D printer capable of using this resin is expensive and wasnt available for this research.

3.6.2 Pushing uids

As seen earlier, practical LM devices cannot rely on gravity for bidirectional actuation of LM inside

the channels. For this reason, a dielectric pushing (or carrier) uid is introduced inside channels.
Different uids have been proposed for this purpose such as Fluorinert [79], mineral oil [60] or
transformer oil. While such uids are expected to assist with transportation of LM plugs inside the
channels, they need to have adequate viscosity to push the plug inside narrow micro-channels and
should also be immiscible with the LM. At the same time, they are also required to have signi cantly

Table 3.2 Electrical permittivity of 3D printed resins (at 100% Il factor), acrylic substrates, and pushing
uids in comparison to conventional microwave substrates in the 2-6 GHz frequency range. Pushing uids
are also compared for their kinematic viscosity

Electrical Permittivity
Substrate Dielectric Loss Viscosity
Constant( ) Tangent(tan )

3D printed resins

Formlabs Clear 2.8 0.021 -
M3 Crystal 3 0.045 -
ABSPlus 2.6 0.0038 -
PLA 2.7 0.005 -
Cyanate Ester[109] 3 0.0046 -
B9C Black 2.84 0.027 -
Pushing Fluids
DMS-T11 1.81 0.0016 10cSt
DMS-T21 2.1 0.0053 100 cSt
DMS-T41 2.6 0.008 10000 cst
Fluorinet FC-40 1.64 0.0008 0.6 cSt
Oleic Acid +12% EVA 2.3 0.014 4266 cSt
Water 81 0.157 1cSt
Acrylic susbtrates
PMMA 25 0.01 -
RF substrates
FR4 4.4 0.018 -
RT 5880 2.2 0.0009 -
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lower dielectric dissipation than electrolytes.

Meeting all the aforementioned requirements for a dielectric pushing uid, a silicone oil series
(DMS; Gelest Inc.) was identi ed to exhibit acceptable electrical losses as shown in Table 3.2. Apart
from the electrical losses, kinematic viscosity of these oils was also noted from the data sheet as it was
observed to be important in pushing a LM plug through narrow micro uidic channels. While less
viscous uids can ow freely through the channels with minimal applied pressure, highly viscous

uids are an excellent choice for pushing LM plugs through the channels. Commercial availability
of silicone oils with varying viscosity for our experiments enabled us to choose a uid capable of
transporting LM plugs, while requiring low applied pressure for a xed micro-channel diameter.

An alternative to this technique is to use uids that form an over-layer on top of the LM plug.
This helps in plug transportation, minimizing plug disintegration, and mixing between the uids.

It had previously been demonstrated that certain organic oils get adsorbed onto gallium surface,
forming an over-layer over the LM plug [111, 117, which can assist in reducing LM residues. To
investigate this further, an organic oil - oleic acid was also characterized for its electrical properties,
but kinematic viscosity was found to be low. To resolve this, for our experiments, separate blends
were formulated with increasing viscosity, formed by mixing different weight ratios of oleic acid and
poly (ethyl-vinyl acetate). Oleic acid + 12 % wt. of poly (ethyl vinyl acteta) (PEVA), had moderate
viscosity, measured to be 4266 cSt. and had moderate dielectric dissipation. The dielectric properties
and kinematic viscosity of water are mentioned in Table 3.2 for comparison.

With a good knowledge of the materials that can be used for antenna fabrication, we will look at
the varied actuation schemes in the next section.

3.7 Proposed LM actuation approaches

3.7.1 Bare plug approach
3.7.1.1 Concept

In the previous section, we demonstrated the use of superhydrophobic coatings to avoid LM residues
onthe inner walls of the substrate. However, the ow of LM inside the channels was merely controlled
by gravity and an injecting syringe. This gravity dependence limits the antenna orientation and
shrinks the application space for the described LM actuation technigue. Hence, new actuation
techniques need to be devised.

To make a LM device orientation independent, pushing uids are required to be pumped from
the other end. However, the laminated substrates are generally prone to leakage of both LM and
pushing uids, especially when subjected to high pressure ows. Alternative to lamination is 3D
printing hollow channels for owing uids. However, it necessitates covering the internal walls of
the channels with superhydrophobic coatings, which is challenging than spray-coating external
surfaces. To enable coating 3D printed channels, a melt-adhesion surface treatment was developed
to render the internal surfaces gallium oxide-phobic. Furthermore, to better control the ow of LM
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