
Research Article Vol. 31, No. 20 / 25 Sep 2023 / Optics Express 32704

Fabrication of a flexible stretchable
hydrogel-based antenna using a femtosecond
laser for miniaturization
PINGPING ZHAO,1 TAO CHEN,1,* JINHAI SI,1 HONGYU SHI,2 AND
XUN HOU1

1Key Laboratory of Physical Electronics and Devices of the Ministry of Education & Shaanxi Key Lab of
Information Photonic Technique, School of Electronic Science and Engineering, Faculty of Electronic and
Information Engineering, Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China
2School of Information and Communications Engineering, Xi’an Jiaotong University, Xi’an 710049, China
*tchen@mail.xjtu.edu.cn

Abstract: We demonstrated a new method of fabricating a stretchable antenna by injecting
liquid metal (LM) into a femtosecond-laser-ablated embedded hydrogel microchannel, and
realized miniaturization of a stretchable dipole antenna based on hydrogel substrate. Firstly,
symmetrical microchannels with two equal and linear branches were formed by a femtosecond
laser in the middle of a hydrogel substrate, and then were filled with LM by use of a syringe
needle. Using this method, a stretchable LM-dipole antenna with each dimension of 24 mm× 0.6
mm× 0.2 mm separated by a 2-mm gap, was formed in the middle of a 70 mm× 12 mm× 7 mm
hydrogel slab. Since the polyacrylamide (PAAm) hydrogel contained ∼ 95 wt % deionized water
with a high permittivity of 79 in the 0.5 GHz - 1.5 GHz range, the hydrogel used to prepare the
flexible antenna can be considered as distilled water boxes. Experiments and simulations showed
that a 5-cm-long LM-dipole embedded in hydrogel resonated at approximately 927.5 MHz with
an S11 value of about - 12.6 dB and omnidirectional radiation direction. Benefiting from the
high permittivity of the hydrogel, the dipole length was downsized by about half compared with
conventional polymer substrates at the same resonant frequency. By varying the applied strain
from 0 to 48%, the resonant frequency of the hydrogel/LM dipole antenna can be tuned from
770.3 MHz to 927.0 MHz. This method provides a simple and scalable technique for the design
and preparation of LM-pattern microstructures in hydrogels, and has potential applications in
hydrogel-based soft electronic device.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The proliferation of wireless technologies and the Internet of Things has necessitated the
development of communication technologies to meet the requirements of the next generation
systems and support other multiband and multistandard wireless systems [1–3]. The technologies
acceleration has driven the hardware to be more compact, easier to integrate, and more economic
while offering smarter and more multifunctional characteristics [4–7]. With the increasing
popularity of flexible electronic devices and the rapid development of wireless communication
technology, flexible antennas represent an essential link between soft electronics and external
systems for control, power delivery, data processing, and/or communication [8–10]. Stepping
forward from traditional rigid electrodes, stretchable and miniaturized antennas offer a unique
potential to interface with human skin or soft biological materials while communicating between
the sensors and users [11–13]. The resonant frequency (f 0) of the stretchable antenna can be
mechanically tuned by elongating, and can therefore act as a wireless strain sensor [14,15]. The
key factors in developing stretchable and miniaturized antennas are the materials and integrated
systems needed to retain structurally and functionally intact while stretching. This requires a
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devotion to designing both the substrates and electrode materials, typically involving a demanding
set of considerations in performance, size, and stretchability. A lot of effort has been invested
over the past several years to improve the performance parameters of the antenna, such as
metamaterial [16–19] and metasurfaces [20,21]. Moreover, a wide variety of flexible antennas
consisting mainly of flexible substrates and conductive materials have been reported, such as
monopole antenna [22], dipole antenna [23], loop antenna [24], coil antenna [25], patch antenna
[26], and spiral antenna [27]. Among various flexible substrate materials, the hydrogel has
attracted widespread attention for its excellent biocompatibility, mechanical properties similar to
biological tissues, and adjustable physicochemical properties. It has been used as a substrate
for flexible antennas, such as near-field communication antenna [28,29], RFID tag antenna [30],
patch antenna [31], and wireless inductive sensing [32]. The conductive materials commonly
used in flexible electronics mainly include solid metal, carbon nanotube, ionic liquid, and liquid
metal (LM). Among them, metal [33,34] is prone to partial layering and cracking due to its
mechanical mismatch with flexible substrates, while carbon nanotube [35] and ionic liquid [36]
have high power consumption due to their high resistance. In contrast, LM become a popular
candidate due to its high conductivity, flowability, and filling ability [37]. More importantly, LM
conductive pattern is suitable for manufacturing inductors [38,39], which is difficult for ionic
conductors. Therefore, LM patterning in the hydrogel is an indispensable step for the preparation
of stretchable and wireless electronics such as stretchable antennas.

Recently, tremendous efforts have been made in LM conductive pattern on hydrogels and other
flexible substrates, such as direct ink writing [40], stencil printing [41,42], masked deposition
[43,44], 3D printing [45,46], and microfluidic injection [47–49]. The above writing, printing,
and deposition methods allow customized two-dimensional delicate LM patterns on hydrogels,
but additional films may be employed to encapsulate them. 3D printing allows LM-patterns
to be suspended in hydrogels, but is limited by the supporting medium hydrogels. Although
microfluidic injection creates LM-spiral structures by injecting LM into microchannels formed by
screwing springs in/out hydrogels [47], customization of 3D LM patterns embedded in hydrogels
remains challenging. The rapidly developing femtosecond laser has become a powerful tool for
direct writing of 3D microchannels [50] and metal microstructures [51]. 3D LM microcomponents
were achieved by injecting LM into complex 3D microchannels/cavities formed in fused silica
using femtosecond laser irradiation followed by chemical etching technology, which could be
served as micromoulds of the metallic microcomponents. Moreover, the femtosecond laser
takes advantage of high-resolution processing and high-precision control in direct writing 3D
embedded hydrogel microchannels [52]. However, the hydrogel/LM micro-structures fabricated
by injecting LM into femtosecond-laser-ablated embedded hydrogel microchannels and their
application in antenna remain to be further investigated.

In addition, antenna miniaturization techniques have received attention and in-depth research
in integrated systems for wireless communication and/or operation [53,54], such as increasing
the effective resonant length in limited space [55], improving impedance matching [56], and
increasing the permittivity (ε) of the substrates [57]. Among them, using a high-ε substrate
can reduce the working wavelength of the antenna in the dielectric material, and shorten the
resonant length of the antenna at the same f 0. This approach does not increase the complexity
of the antenna structure, and can also collaborate with other technologies, which is essential
for the miniaturization of antennas. Inui et al. printed a miniaturized flexible dipole antenna
on a high-ε silver nanowire/nanopaper composite substrate [58]. The silver antenna printed
on this substrate (ε= 726.5 at 1.1 GHz) was downsized by about a half, compared with the
antenna printed on the original nanopaper (ε= 5.3) or conventional polymer substrates such
as polyethylene terephthalate (ε= 3.1), polyethylene naphthalate (ε= 3.4), polyimide (ε= 3.4),
silicone (ε= 2.8) [59], and polydimethylsiloxane (PDMS) (ε= 2.5) [60]. Although paper substrate
can be bent, its stretchability is small. Gels and gel-derived materials are not only stretchable,
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but their dielectric property can also be precisely tuned over a wide range due to the diversity
and stability of the liquids. Guo et al. synthesized high-ε and stretchable dielectric gels for
improving the sensitivity of capacitive sensors, and the gel ε value is about 34 to 30 at the
range of frequency from 1 kHz to 1 MHz [61]. Zhao et al. concluded that water-rich hydrogel
with low monomer concentration exhibits high-ε prepared by employing the co-contribution of
dielectrically inert polymer networks and liquids [62]. They selected the typical soft polymeric
acrylamide (AM) as the monomer because of its good compatibility with many liquids and
abundant intra-, intermolecular hydrogen bonds, forming polyacrylamide abbreviated as PAM or
PAAm chains that completely disperse in non-aggregated states in water. However, the impact of
its high-ε on hydrogel-based antenna f 0 remains further research.

In this paper, we propose a new method of fabricating a stretchable antenna by injecting LM
into femtosecond-laser-ablated embedded hydrogel microchannels, and realize miniaturization of
stretchable dipole antenna based on hydrogel substrate. The resonant and radiation characteristics
of hydrogel/LM dipole antenna are studied by experimental measurement and simulation. The
influences of antenna size were investigated. In addition, the stretchability and tunability of the
hydrogel/LM dipole antenna were demonstrated.

2. Materials and methods

2.1. Fabrication of LM-pattern in hydrogel microchannels

We prepared PAAm hydrogel as a demonstration, following the method of Gao et al. [63]. Firstly,
30 ml aqueous solution of AM (monomer; 3.0 M, 6.399 g), methylene bisacrylamide (crosslinker;
0.2 mol%, 0.027 g), and ammonium persulfate (initiator; 0.05 mol%, 0.009 g) were mixed in
a plastic beaker. Then, the solution was pipetted to fill a volume between two parallel glass
sheets separated by a silicone spacer, the thickness of which limited the hydrogel thickness. After
gelation at 60 °C for 6 h, the PAAm gel membrane was synthesized and peeled off from the
substrate. Finally, the formed PAAm gels were immersed in deionized (DI) water for more than
24 h to allow complete swelling.

Figure 1 shows a schematic of the experimental setup and procedure for fabricating LM
patterns in hydrogel microchannels. The experimental setup mainly consists of light source,
electronically controlled three-axis translation stage, microscope system, and charge-coupled
device (CCD) image sensor as shown in Fig. 1(a). The laser source was a Ti:sapphire regenerative
amplifier (Libra-USP-HE, Coherent Inc., USA), which delivered a train of 800 nm, 50 fs laser
pulses at 1 kHz repetition rate. The laser beam passed through the optical components into
the microscope system (Nikon, Eclipse LV 100D), then focused into the hydrogel sample via
a 50× microscope objective (Olympus, NA= 0.5), and the power was adjusted by a variable
attenuator. Due to its ultrashort pulses and ultrahigh peak power, the focused femtosecond laser
pulse can precisely form embedded hollow microchannels based on multiphoton absorption
without affecting the hydrogel surface. In order to prevent the shrinkage of the hydrogel while
fabricating microchannels, the hydrogel was covered with a thin cover glass with a thickness of
120 µm and aligned with the DI water surface in the petri dish. The motion of the entire dish was
controlled by a three-axis translation stage that is mounted on a microscope system.

Figure 1(b) shows the process of preparing a hydrogel/LM dipole antenna, including the
microchannel fabrication and LM injection. First, the laser beam was focused into half of the
hydrogel thickness and scanned multiple times to form symmetrical hydrogel microchannels with
two equal and linear branches separated by a 2-mm gap. Then, two reservoirs were inscribed
at each of the microchannel adjacent ends for the connection of coaxial connector (SMA) pins
in subsequent experiments, and the microchannels were scanned once from each microchannel
for air circulation. After laser inscription, superconductive LM (EGaIn, 75% Ga, 25% In,
σ= 2.8× 106 S/m), a room temperature liquid-phase eutectic [64], was employed to serve as the
conductive element filling the hydrogel microchannels by a syringe needle with a diameter of ∼
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Fig. 1. Schematic of experimental setup and procedure for fabricating LM patterns in
hydrogel microchannels. (a) Fabrication and microscope system - M1, M2, M3, M4:
reflector; A1, A2: continuously variable irises; VA: variable attenuator; S: shutter; BS: beam
splitter; OL: objective lens; CCD: charge-coupled device image sensor. (b) The procedure
of a hydrogel/LM dipole antenna.

0.2 mm. Since LM is not hydrophilic, the water [65] in the hydrogel microchannels prevents
the LM’s surface oxides [66] from adhering to microchannel walls, thus reducing the pressure
required [67,68] for LM to flow therein. This allows the LM to slide along the microchannel and
reach certain areas, thus forming LM patterns with dipole microstructures. After removing the
needle, the microchannel entrances were sealed with ethyl α-cyanoacrylate. Finally, a flexible
dipole antenna consisting of two equal, linear LM branches separated by a 2-mm gap in the
hydrogel was prepared.

2.2. Electromagnetic characterization of hydrogel/LM antenna

The electromagnetic characteristics of antennas mainly include the frequency and direction
characteristics, which determine the basic functions of energy conversion and radiation direction.
A vector network analyzer (Agilent E8363B) was applied for measuring the frequency and
corresponding reflection coefficients of antennas in the free space. The antenna radiation patterns
(H and E plane) around resonated frequency are measured in the anechoic chamber. To mitigate
the effects of the connector and propagation loss while measuring, the dipole antenna is excited
using the model of commercially available SMA connector and fed by a coaxial cable. The
basic structure of a coaxial cable consists of an inner cylindrical conductor in the center, an
outer braided mesh conductor in a ring-shape, an insulation separating the two conductors, and
a protective sheath. When a coaxial cable feeds an antenna, the signal is transmitted from the
inner conductor and returned from the outer conductor through the insulation layer. This forms a
current loop between the two conductors that constrains the electromagnetic waves in it, thus
guiding them transmitted along the coaxial cable without leaking into the external environment.
In terms of coaxial cable feed dipole antenna, the coaxial probe is generally connected to one
branch and located in the center of the dipole. In our experiment, the SMA connector with
a 2-mm gap was inserted into the reservoirs through a plastic sheet used for fixing interface
adhesion to connect with the LM-dipole branches, and sealed with ethyl α-cyanoacrylate between
SMA and hydrogel.

The vector network analyzer transmits incident electromagnetic waves of different frequencies
from the internal signal source of port 1 into the antenna through the coaxial cable and the SMA
connector. The electromagnetic waves are partly radiated around the antenna and partly returned
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by the antenna to the receiver in port 1 through the coaxial cable. The reflection coefficient G is
the ratio of the reflected voltage of the antenna to the transmitted voltage of the signal source,
measured and calculated by the network analyzer to get the reflection coefficient S11 curve. It is
common to express the reflection coefficient in decibels (dB), using the expression 20 log |G|,
also known as return loss. A low value of S11 indicates less antenna reflection, which means the
antenna matches the source impedance. The S11 values below - 10 dB are generally expected
effective, while small electronics can be considered valid at - 6 dB [69]. When the antenna
reaches the lowest S11 value at a specific frequency, S11 increases rapidly when it deviates from
the specific frequency, called f 0. In anechoic chamber, the antenna sample is placed on a turntable
at the same height as the standard antenna. The turntable is controlled to rotate the sample in
the horizontal plane to measure the field intensity at different angles. The antenna is placed
horizontally and vertically on the turntable, and its field intensity is measured in the E and H
plane. After normalization, the E-plane and H-plane radiation patterns of the antenna sample are
obtained in the polar coordinate.

3. Results and discussion

3.1. Fabrication and characterization of hydrogel/LM dipole antenna

The dielectric properties of the PAAm hydrogel used to prepare the flexible antenna in this paper
were tested with a sweep signal from 0.5 GHz to 18 GHz using a network analyzer (Keysight
N5222A). The hydrogel slab samples with 70 mm× 12 mm× 7 mm was sandwiched by two
copper electrodes. By calculating the ratio of the weight difference between the hydrogel and the
dehydrated hydrogel to the weight of the hydrogel, the water content of the hydrogel is about 95
wt %. The permittivity of hydrogel, dehydrated hydrogel and DI water were measured as shown
in Fig. 2. It can be seen that the hydrogel permittivity is proximity to that of DI water, much
higher than that of dehydrated hydrogel. The hydrogel permittivity decreases from 80 to 40 when
the frequency increases from 0.5 GHz to 18 GHz. The hydrogel permittivity is 79 at 0.9 GHz,
much higher than the dehydrated hydrogel of 3, which is proximity to that of common flexible
substrate materials [59,60]. Since the PAAm hydrogel contain a large amount of water with 95
wt %, its high permittivity mainly be attributed to DI water. Therefore, the PAAm hydrogel slab
used to prepare the flexible antenna can be considered as distilled water boxes.

Fig. 2. The relative permittivity of the synthesized PAAm hydrogel at a range of frequency
from 0.5 GHz to 18 GHz.

The process of fabricating the hydrogel/LM dipole antenna shown in Fig. 1(b) was started
by multiple-time scanning by femtosecond laser direct writing (FLDW). The femtosecond laser
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power and scanning speed were set at 60 mW and 500 µm/s, respectively. A 24-mm long
microchannel was produced in the hydrogel by the electronically controlled three-axis translation
stage moving at a constant speed during femtosecond laser irradiation and monitored in real-time
using a CCD. Since the microchannel width formed by a single scan of the femtosecond laser
is only tens of micrometers, the femtosecond laser is translated 15 µm along the longitudinal
direction after each scan and repeated 40 times to broaden the microchannels with a width of
600 µm. As a result, a pair of horizontal microchannels of 24 mm× 0.6 mm× 0.2 mm with a
2-mm gap was formed by FLDW repeatedly 40 times in the middle of a 70 mm× 12 mm× 7 mm
hydrogel slab, and two 1 mm× 1 mm reservoirs were respectively formed at the two adjacent
ends of the microchannels for SMA connector access shown in Fig. 3(a). After LM injection,
the top and bottom views of the dipole antenna were shown in Fig. 3(b) and 3(c), respectively.
In addition, a sample of hydrogel microchannel with the same dimensions but without LM was
prepared for comparison experiments.

Fig. 3. Fabrication and characterization of a hydrogel/LM dipole antenna. (a) Two horizontal
microchannels of 24 mm× 0.6 mm× 0.2 mm with a 2-mm gap were symmetrically inscribed
in the middle of the hydrogel slab. The laser power and scanning speeds were set to 30 mW
and 500 µm/s, respectively. (b) Top and (c) bottom views of LM/hydrogel dipole antenna. (d)
Reflection coefficient S11. (e) Measured and simulated normalized radiation pattern in the
E-plane and H-plane at 0.9 GHz. (f) Simulated gain and efficiency performance. (g) Surface
current density at 0.9 GHz.

We characterized the frequency and direction properties of the dipole antenna in the free
space. Accordingly, the antenna’s response to electromagnetic waves excited at different
frequencies was computed in Ansys High Frequency Structure Simulator (HFSS). In HFSS
15.0, superconducting LM and hydrogel are considered perfect conductors (PEC) sheets with
infinite electrical conductivity and distilled water box respectively, and the samples are modeled
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according to the dimensions in Fig. 3(a) and 3(b). The measured and simulated results of
the basic characteristics of the hydrogel/LM dipole antenna are shown in Fig. 3(d) and 3(e),
where the solid line shows the measured results and the dashed line shows the simulated results.
Figure 3(d) shows the response characteristics of the sample for different frequencies in the
0.65 GHz - 1.25 GHz range. It can be seen that the S11 value of the sample without LM is close
to 0, and the S11 curve is consistent with the simulation results. For the sample with LM, the
measured f 0 is 0.9275 GHz and S11 is - 12.6 dB, which is close to the simulated result of f 0 is
0.9610 GHz and S11 is - 13.6 dB. The comparative experimental results show that the hydrogel
reflects almost all of the incident electromagnetic wave energy, while the LM dipole antenna
radiates most of the incident electromagnetic wave effectively into free space. Figure 3(e) shows
the normalized radiation patterns of the hydrogel/LM dipole antenna at 0.9 GHz. As can be seen,
the measured E-plane pattern shows an “8” shape and the H-plane pattern shows a circle. The
radiation direction of the dipole antenna exhibits an omnidirectional radiation pattern in free
space, which is consistent with the simulation results. The difference between the simulated
and measured results may be due to the influence of fabrication errors and residual LM in the
path of the needle withdrawal from the hydrogel as shown in Fig. 3(b). The simulated radiation
gain and efficiency of the proposed antenna are plotted in Fig. 3(f). Result shows that the gain
and efficiency are 2 dBi and 52%, respectively, at 0.9 GHz. In order to further investigate the
radiation mechanism of the proposed antenna, surface current distribution at 0.9 GHz is plotted
in Fig. 3(g). It can be seen that two current peaks appear symmetrically in the middle of the
dipole resulting in a resonance.

3.2. Influence of parameters on the frequency property of hydrogel/LM dipole antenna

3.2.1. Effect of LM-dipole length

We recorded and characterized the frequency properties of the dipole antenna with different
lengths in the free space position. Each antenna branch is formed by injecting LM into the 0.6 mm
width and 0.2 mm thickness microchannels symmetrically inscribed by femtosecond laser in the
central axis of the 8 mm width and 7 mm thickness hydrogel slab. After LM injection, the dipole
lengths are 0, 40, 50, 60, and 70 mm, and the hydrogel lengths are cut into 40, 60, 70, 80, and 90
mm according to the dipole lengths, forming the hydrogel/LM dipole antenna. The measured
reflection coefficients S11 of hydrogel/LM dipole antennas with different lengths are shown in
Fig. 4. It can be seen that the S11 curve of no LM (0 mm length) approaches 0 dB, indicating that
the sample hardly radiates. In the case of LM dipole length increases from 40 mm to 50 mm, 60
mm, and 70 mm, the measured f 0 decreases from 1.0133 GHz to 0.9442 GHz, 0.8982 GHz, and
0.7372 GHz, and the corresponding S11 increase from - 10.6 dB to - 9.4 dB, - 9.1 dB, and - 8.0 dB.
Results show that the hydrogel/LM dipole antenna f 0 decreases with increasing dipole length,
which is consistent with the theoretical dipole antenna f 0 variation with length [60]. The S11
increases with the increase of hydrogel/LM dipole length, indicating the return loss increases.

3.2.2. Effect of LM-dipole width

Figure 5 shows the frequency properties of the dipole antenna at different widths in the free space
position. Each antenna branch is prepared by injecting LM into the 24 mm length and 0.2 mm
thickness microchannels symmetrically inscribed by femtosecond laser in the middle of the 70
mm× 8 mm× 4 mm hydrogel slab, forming the hydrogel/LM dipole antenna. The measured S11
of hydrogel/LM dipole antennas with different widths are shown in Fig. 5. It can be seen, as
the width increases from 0.5 mm to 1.0 mm, 1.5 mm, 2.0 mm, and 2.5 mm, the measured f 0
increased from 1.0838 GHz to 1.1835GHz, 1.2548 GHz, 1.3260 GHz, and 1.3688 GHz, and the
corresponding S11 changed from - 2.9 dB to - 6.0 dB, - 3.8 dB, - 4.9 dB, and - 5.0 dB. Results
show that the hydrogel/LM dipole antenna f 0 increases with increasing dipole width. Considering
the measured S11 value of the antennas, 1 mm was applied as the dipole width for further study.
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Fig. 4. Measured S11 of hydrogel/LM dipole antenna with different lengths. With the
increased lengths from 40 to 70 mm, the resonant frequency decreases from 1.0133 to
0.7372 GHz.

Fig. 5. Measured S11 of hydrogel/LM dipole antenna with different widths. With the
increased widths from 0.5 to 2.5 mm, the resonant frequency increases from 1.0838 to
1.3688 GHz.

3.2.3. Effect of hydrogel thickness

Figure 6 shows the frequency properties of the dipole antenna with different hydrogel thicknesses.
Each LM dipole of 24 mm× 1 mm× 0.2 mm is symmetrically embedded in the middle of the
70 mm× 8 mm× 4 mm hydrogel slab, forming the hydrogel/LM dipole antenna. The hydrogel
thickness is changed by symmetrically attaching the hydrogel film from the direction of the
antenna thickness.

The measured S11 of hydrogel/LM dipole antennas in different hydrogel thicknesses are shown
in Fig. 6. It can be seen, as the hydrogel thickness increased from 4 to 7 mm, 10 mm, 13 mm, and
16 mm, the measured f 0 decreased from 1.1978 to 1.0836 GHz, 0.9698 GHz, 0.8843 GHz, and
0.8130 GHz, and the corresponding S11 decrease from - 5.7 dB to - 7.5 dB, - 9.7 dB, - 13.2 dB,
and - 16.7 dB. Results show that the hydrogel/LM dipole antenna f 0 decreases with the increase
of the hydrogel thickness, which is consistent with the theoretical antenna f 0 variation with
the effective permittivity of the dielectric substrates [60]. Therefore, the increase in hydrogel
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Fig. 6. Measured S11 of hydrogel/LM dipole antenna with different thicknesses of the
hydrogel. With the increased thickness from 4 to 16 mm, the resonant frequencies decrease
from 1.1978 to 0.8130 GHz.

thickness increases the effective permittivity of the substrates where the LM-dipole antenna is
located. It can be reasonably supposed that at a certain frequency, the antenna length will be
downsized by increasing the hydrogel thickness, which is beneficial for antenna miniaturization.

3.3. Stretchability and tunability of hydrogel/LM dipole antenna

To stretch the antenna, an apparatus consisting of two plastic clamps on a displacement table
onto which the ends of the antenna are fixed. The clamps are driven by a manual displacement
table, parallel to the long axis of the antenna. The device does not contain metallic parts to
avoid electronic coupling with the antenna, thus simplifying the interpretation of the results. Two
LM-dipole (24 mm× 1 mm× 0.2 mm) symmetrically are embedded in the middle of a hydrogel
slab (80 mm× 8 mm× 4 mm), forming the hydrogel/LM dipole antenna. The antenna is stretched
from 50 to 74 mm (defined as the total end-to-end length of the LM dipole) because it minimized
the chances of tearing the device (discussed below).

We recorded the frequency and length of the antenna at 3 mm increments, but only plotted four
series for clarity in Fig. 7. Figure 7(a) shows that elongating the antenna modulates the frequency
response. It can be seen that the unstrained antenna resonated at approximately 0.9270 GHz and
exhibited an S11 value of -5.0 dB. As the tensile strain of the antenna increases from 12% to 24%,
36%, and 48%, f 0 decreased from 0.8843 GHz to 0.8415 GHz, 0.7988 GHz, and 0.7703 GHz;
correspondingly, S11 decreases from - 5.4 dB to - 7.0 dB, - 7.1 dB, and -7.8 dB. The results
show that both the antenna’s f 0 and S11 decrease with increasing tensile strain. It indicates
that the return loss of flexible antenna prepared by this method can be partly compensated by
stretching. By repeatedly stretching it up to ∼ 50% strain, the flexible antenna’s f 0 and S11 are
shown in Fig. 7(b), with error bars indicating their deviations in 3 repetitions. It can be seen
that the antenna’s f 0 decreases approximately linearly with increasing tensile strain, and both the
antenna’s f 0 and S11 almost return to their initial values after releasing the strain. Therefore, the
5-cm-long hydrogel/LM dipole antenna prepared by this method can be tuned in the frequency
range of 0.7703 GHz to 0.9270 GHz by varying the applied strain from 0 to 48%. In addition, the
stretchable antenna can also serve as a strain sensor, as it can repeatedly return to its original
shape after multiple deformations without electromagnetic properties losing.

When further stretched from 50 to 80%, LM leakage occurred at the bonding interface
of the hydrogel and SMA connector, resulting in an almost constant length and finer LM
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Fig. 7. (a) The frequency properties of the hydrogel/LM dipole antenna in its relaxed state
(50 mm length) and mechanically elongated states (56, 62, 68, and 74 mm length), and
(b) the antenna’s f 0 and S11 under stretching for mechanical tuning.

dipole. When the tensile strain exceeds 80%, the hydrogel ruptures at the bonding interface
with SMA. It is known that the mechanical properties of LM wires usually depend on the
material encapsulating them. In principle, the hydrogel can be stretched up to 1000% strain [70].
However, the hydrogel/LM dipole antenna is much less than 1000% strain, probably because
the implantation of rigid SMA into the flexible hydrogel leads to a mismatch of elastic modulus
[71] and flaw-sensitivity problem [72], resulting in stress concentration and subsequent breakage
of the hydrogel during stretching. This ultimately causes premature failure of the flexible and
stretchable antenna before reaching the tensile strain limit of the hydrogel. For improving the
stretchability of the hydrogel/LM antenna, a stitch-bonding strategy [73] of hydrogel and SMA
metal connectors can be applied by introducing a polymer chain with a versatile functional group
and triggerable crosslinking property, which can stitch the hydrogel by forming a network in
the topological entanglement with the preexisting hydrogel network. Through this, the polymer
chain solution works as a universal glue for the facile adhesion of hydrogels to diverse substrates
like metals.

4. Conclusion

In this study, we have developed a new method to build stretchable dipole antennas with
tunable resonance frequencies by injecting LM into the femtosecond-laser-inscribed hydrogel
microchannels. Measured and simulated results showed that the 5 cm long dipole antenna
resonated at approximately 927.5 MHz and exhibit an S11 value of - 12.6 dB. Benefiting from the
hydrogel’s high permittivity of 79, the dipole antenna length is downsized by half compared with
flexible antennas such as PDMS/LM at the same f 0, realizing the miniaturization of the antenna.
By increasing the hydrogel thickness and optimizing the structural parameters, the length of the
hydrogel/LM antenna can be reduced and match up to the required S11 parameters. In addition,
the 5 cm long hydrogel/LM dipole antenna f 0 can be tuned in the range of 770.3 MHz - 927.0 MHz
within the 0 - 48% strain range. This method provides a simple and scalable technique for the
design and preparation of LM-pattern microstructures in hydrogels and has potential applications
in hydrogel-based soft electronic device.
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