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This article proposes a dual-band slot IFA antenna using a combined technique of liquid
metal (LM) filing and polydimethylsiloxane substrate. The antenna working at 2.4 and
5.8 GHz consists of three liquid metal layers—radiation patch, short circuit stub, and
ground plane and can be bent to different radiuses for flexible, conformal, and wearable
applications. The vacuum filing method enables realization of a monolithic-integrated
substrate. The applicability of this antenna for a wearable wristband is validated through
simulation.
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INTRODUCTION

The demand for compact, multiband, and flexible microwave components and antennas is increasing
due to the prosperity of the Internet of Things (IoT) [1, 2]. Typical IoT systems are found in a lot of
emerging and conventional scenarios, such as smart industry or wireless body area network
(WBAN), where various sensors are required for industrial information collecting or human
healthcare monitoring, among which conformal or flexible antennas are critical to transit the
collected data. Such antennas for wearable applications (clothes, shoes, bracelets, and glasses) utilize
flexible substrate, including paper, textiles or polymer composites, and conductive materials, such as
electro-textiles and nanowire, instead of conventional rigid substrates or metal in cases they can be
bent or twisted when worn on the human body [3-6]. Furthermore, in order to maximize the
connectivity, the antenna for body communications usually operates at multiple bands for on- and
off-body communications [7-9].

Eutectic liquid metal (LM) with low toxicity and high conductivity at room temperature is
potential for creating antennas with flexibility and high conformity [10]. Particularly, the LM fluidity
is critical for maintaining conductive continuity during deformation. When capsulated within soft
materials, such as polydimethylsiloxane (PDMS), the LM-enabling technology enables creation of
flexible antennas. The bendable microstrip patch and dipole antennas are constructed by injecting
LM into microfluidic channels molded by PDMS [11, 12]. A flexible antenna based on liquid metal
and additive printing technologies is given in [13], in which the microfluidic branch is printed in
flexible NinjaFlex plastic. These antennas can be bent or curved to different radiuses, and at the same
time the antenna radiation properties maintain stability during the deformation. Most of these LM
channels or cavities are constructed along one-dimensional axis or on two-dimensional surfaces with
only two layers, while the three-dimensional volume has not been fully exploited. Stretchable sensors
using 3D-printed LM demonstrate stable conductivity of the liquid metal paste circuit interconnects
among [14]. The combined technique of liquid metal filling and PDMS material as a substrate has
great potential in flexible antenna applications. Based on the authors’ knowledge, there has not been
much investigation into the LM antennas for wearable applications.
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FIGURE 1 | Dual-band antenna topology.

This article proposes the design and implementation of a LM
dual-band antenna for wrist-worn applications. The antenna,
with dimensions of 30 x 12 x 4.5 mm®, operating at two WLAN
frequency bands—2.4 and 5.8 GHz, comprises radiating cavities
formed by LM filling within a PDMS substrate. In order to
fabricate the proposed antenna, a layered-bonding method to
fabricate the PDMS wristband structure and a vacuum
compression method to inject LM into the microfluidic
channels are implemented.

ANTENNA DESIGN AND FABRICATION

Antenna Design

The structure of the LM antenna adopts the structure of inverted-
F antenna (IFA) with three parts—the radiation patch of width
W, and length L; on the top layer, a U-slot of width W, and
length L, is etched on the radiation patch for generating the band
at 5.8 GHz while the IFA resonates at 2.4 GHz, the ground plane
of width W3 and length L; on the bottom layer, and the
rectangular short circuit of width SW and height H in
between as shown in Figure 1. The distance from the short
circuit to the left side of the grounding plane is optimized to be
2mm for impedance matching. The two resonances can be
roughly determined from the following equations (15),

S

_ C f _ C
TA4H+L W) T AH AL+ W)

Dimensions of the patch, the slot, and the short circuit are
optimized to resonate the antenna at the aforementioned two
bands and listed as follows: W; = 8 mm, L; = 155 mm, W, =
3mm, L, =7 mm, W3 = 10 mm, L3 = 30 mm, and H = 2.5 mm.
The proposed antenna operates at dual-bands—2.4 GHz covering
100 MHz and 5.8 GHz covering 150 MHz with a well-matched
reflection coefficient below —10dB. Different to conventional
copper cladding on PCB technology, LM-based devices use
post-filled LM to construct a conductive path. Based on our
experimental experience, the whole cavity volume can be filled

FIGURE 2 | Reflection coefficient of the dual-band IFA.
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FIGURE 3 | Steps for fabricating the wearable antenna.

with LM through visual checking. But, still minor possibility of
unfilled cavity corners might exit. Therefore, it is reasonable to
briefly evaluate the sensitivity of the antenna resonances to the
change of the aforementioned dimensions. Parametric
simulations show that the resonance shifts less than 5% when
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A- |

FIGURE 4 | Photographs of the fabricated wearable antenna. (A) Flat wristband before and after filing LM and (B) curved wristband filled with LM.

=

L; and L, vary between 0.5 and 0.25 mm shown in Figure 2,
respectively. This ensures that when corners of the microfluidic
channels and cavities are occasionally hollow due to partially
filled LM, the frequencies still locate within the desired bands and
maintain the desired frequencies.

To achieve flexibility and mitigate the user discomfort of
the antenna wristband, PDMS (Sylgard 184 kit, Dow Corning)
with a dielectric constant of 2.68 and loss tangent of 0.0375 is
chosen as the substrate material for its high elasticity and low
surface tension. Meanwhile, PDMS is human skin-safe and
widely used in various consumer and cosmetic products.
PDMS is composed of two solvents—polymer and
crosslinker with a mass ratio 10:1. PDMS can be cured by
placing it in an oven at 80°C for 2 h and therefore is routinely
used for preparing microfluidic channels. A layered bonding
process technology is implemented to assemble the different
PDMS layers. Due to the liquid nature of LM, channels are
reserved within the PDMS substrate for latterly injecting LM
into the channel.

Antenna Fabrication

The schematic view of the manufacturing process is presented
in Figure 3. The fabrication process of the wearable antenna
includes mainly molding the PDMS wristband and metalizing
the wristband [16]. The three layers of wristband are made,
respectively, which are made of PMMA material and
processed using a high-precision computerized numerical
control (CNC) machine. To ensure that LM is completely
wrapped, the heights of the molds are not consistent. The
prepared PDMS solution is poured into three molds,
respectively, and then put them into a vacuum oven to
cure at 80°C for 2h. Since the PMMA material is easy to
demold, the cured PDMS can be peeled out of the mold to
obtain three substrate layers. These layers are bonded after
cleansed using a plasma cleaning machine. A total of three
holes with a diameter of 0.9 mm are drilled in the model, and
then LM is pneumatically pushed into the cavity by the
vacuum compression method [17]. In order to inject EGaln
into the PDMS wristband model, the wristband model is
inverted and placed in the vacuum oven after putting the
LM on top of the circular holes 1 and 2. After evacuating the
air in the vacuum box and the microfluidic channel, EGaln
will all be pushed into the microfluidic channel once the
vacuum box is opened.
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FIGURE 5 | Reflection coefficient of the wearable antenna.

The prototype of the wearable antenna is fabricated as
shown in Figure 4. The three PDMS layers are molded,
respectively, and then bonded together by plasma
treatment. Then, LM is pushed into the microfluidic
channels through vacuum filling after assembling the three
layers. The vacuum-filling method ensures that the least air
bubbles are generated during this process so that the three-
dimensional conductive path is well established. Superglue is
attached between SMA connectors and the PDMS substrate to
fix the connection in case the LM leaks and the frequency
bands shift. Based on our knowledge, this is the first
demonstration of multilayer PDMS-embedded liquid metal
antenna for wearable applications. Compared to the liquid
metal antenna printed on a planar surface with only two
layers, although can be curved to different radiuses, this
prototype antenna realizes a three-dimensional-layered LM
structure that utilizes the vertical space of the flexible
substrate. Although the antenna topology in this article is
an inverted-F antenna commonly used for wireless
communication, the proposed process technology can be
extended to manufacturing of more complicated antenna
structures, therefore exploiting the three-dimensional space
and maximizing the design degree.
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FIGURE 6 | Measured and simulated radiation patterns of the wearable antenna for the x-z, y-z, and x-y planes at 2.4 GHz (left) and 5.8 GHz (right). Solid lines
indicate the E, component and dashed lines for Eq component. Red lines indicate the simulated patterns and black lines for measured patterns.
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2.4 GHz, and (C) average SAR values of the human wrist at 5.8 GHz.

FIGURE 7 | Average SAR values of the human wrist wearing the LM antenna. (A) Antenna worn on the human wrist, (B) average SAR values of the human wrist at
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ANTENNA RESULTS AND DISCUSSION

To assess the radiation properties of the proposed flexible
antenna, the prototype antenna in Figure 4 is built and
measured. The experimental data are compared to the
simulation results obtained from a full-wave simulator. The
antenna impedance matching behavior over the frequency
range of 1-7 GHz is shown in Figure 5. Due to the flexibility
of the PDMS substrate and the fluidity of LM, this wearable
antenna can be bent to curvatures of different radiuses.

The radiation patterns of the flexible antenna on a flat
platform (in the x-y, x-z, and y-z planes) are simulated and
measured as shown in Figure 6. The plots show the graphs of the
E, and Eg components, and it is seen that the patterns are nearly
omnidirectional at several conditions of the two frequencies. The
discrepancies between the simulated and measured radiation
patterns are more prominent at higher frequencies possibly
due to uneven filling of LM within cavities or unstable
connection of LM to an SMA connector during rotation of
measurements. The measured gain and efficiency of the
flexible antenna are 1.55dBi and 34.6% at 2.4 GHz, 1.66 dBi
and 28.74% at 5.8 GHz, respectively. Compared to antenna
structures copper plated on commercial substrates (Rogers or
FR4 boards), this antenna has a low efficiency mainly due to the
lossy PDMS substrates. Customizable PDMS made of different
proportions of materials can be implemented to mitigate the
negative effects brought by the PDMS substrates [16].

Since this flexible antenna can be bent to different radiuses, it
could be used as a wearable antenna. Such as when worn on the
human wrist, the antenna mainly works in areas close to the human

body; the nonuniform human body will mutually affect the antenna
performance due to its electrical complexity. Figure 7 shows a
human wrist model consisting of skin, muscle, fat, and bone,
exhibiting various electromagnetic properties over the bands of
interest [18]. Our full-wave analysis indicates that when the
wearable antenna is 5mm away from the surface of the human
body, the antenna operates with the same bands within free space.
Meanwhile, the human body absorbs and dissipates part of the
antenna electromagnetic radiation due to its lossy intrinsic, usually
quantified by the specific absorption rate (SAR). SAR is usually
limited to a standard of 2 W/kg per 10 g of human tissue [19].
Figure 5 shows the SAR values at the bands of 2.4 and 5.8 GHz. The
local SAR peaks are 1.66 W/kg and 7.16 W/kg when the input power
is on the scale of mW, which, however, is higher than the regulated
SAR standards. For this particular scenario, the ground plane of the
antenna is narrower than a typical IFA antenna, and the antenna
structure has not been optimized for a reduced SAR. Enlarging the
ground plane of the antenna and adapting the antenna topology are
methods to reduce the SAR values to the regulated levels in our
future research.

CONCLUSION

This article introduces a dual-band flexible antenna for conformal
or wearable applications. The combined technique of using liquid
metal as the radiating patch and PDMS as the substrate enables
creation of such flexible antenna structures. At the same time, a
layered bonding processing technology and vacuum compression
technology facilitate the monolithic integration. The radiation
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properties of the two bands at 2.4 and 5.8 GHz are evaluated. As a
demonstration, the LM-embedded layered-PDMS antenna is
implemented on a human wrist for validating its applicability.
This article concludes that the LM-PDMS combined technique
can be extended to more complex scenarios, such as flexible and
conformal reconfigurable antenna arrays for sensing and
communicating.
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