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ABSTRACT: We demonstrate a class of microstrip patch antennas that are
stretchable, mechanically tunable, and reversibly deformable. The radiating
element of the antenna consists of highly conductive and stretchable
material with screen-printed silver nanowires embedded in the surface layer
of an elastomeric substrate. A 3-GHz microstrip patch antenna and a 6-GHz
2-element patch array are fabricated. Radiating properties of the antennas
are characterized under tensile strain and agree well with the simulation
results. The antenna is reconfigurable because the resonant frequency is a
function of the applied tensile strain. The antenna is thus well suited for
applications like wireless strain sensing. The material and fabrication
technique reported here could be extended to achieve other types of
stretchable antennas with more complex patterns and multilayer structures.
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1. INTRODUCTION

Wearable systems for detecting human motions and monitoring
human health/wellness have attracted significant attention in
recent years. A variety of wearable sensors,"”” energy harvest-
ing/storage,>* and electronic circuits®® have been developed,
which represents exciting progress toward battery-less (or free)
health monitoring. Wearable wireless communication is key to
convey the sensory data and provide remote diagnosis, and a
radio frequency antenna is a critical component for the wireless
communication.

Antennas are conventionally fabricated by printing or etching
metal patterns on rigid substrates, which can easily crease and
even fail to function properly when subjected to mechanical
deformation (e.g,, stretching, folding, or twisting). Thus
development of flexible, stretchable, and conformal antennas
calls for new electronic materials and/or new device
configurations. For example, flexible antennas have been
realized by electroplating thin metal foils (e.g, copper’ and
gold®) on elastic dielectric substrates. 3D conformal antennas
have been developed by printing silver nanoparticles on a 3D
surface.” However, these antennas are not able to withstand
tensile strain. Several types of stretchable antennas, including
cone," loop,'" dipole,">"* and patch,'* have been realized by
encasing liquid metal alloys into stretchable microchannels.
Such stretchable antennas can also be used as self-contained
strain sensors."> This approach, however, is limited in terms of
scalable manufacturing due to its fabrication complexity and
potential problems caused by leakage of the liquid metals.
Recently, stretchable antenna has also been achieved using
carbon nanotube (CNT) sheet and polymer substrates.'®'”

Silver nanowires (AgNWs) have emerged as a promising
material for flexible/transparent'®'® and stretchable electro-
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des® in a number of applications including light emitting
diodes,** solar cells,”* and wearable sensors.”> In addition to
flexible antennas,***> AgNWs were recently used in fabricating
stretchable antennas.*® However, the antenna performances
were not evaluated under tensile strain. In addition, the
reversibility under stretching and other deformation modes was
not demonstrated.

In this paper, we report a class of microstrip patch antennas
that are stretchable, mechanically tunable, and reversibly
deformable. The radiating element of the antenna consisted
of a highly conductive and stretchable material with AgNWs
embedded in the surface layer of an elastomeric substrate. More
specifically, a 3-GHz microstrip patch antenna and a 6-GHz, 2-
element patch array were fabricated. Radiating properties of the
antennas were characterized under tensile strain and agreed
well with the simulation results. Since the resonant frequency
increased with increasing tensile strain, the antenna can be used
for wireless strain sensing. Finally, the antennas were
demonstrated to maintain the same spectral properties under
severe bending, twisting, and rolling.

2. RESULTS AND DISCUSSION

Figure la shows the fabrication procedure for the AgNW/
PDMS patch antennas. Two types of patch antennas — the
single patch (Figure 1b) and 2-element array (Figure 1c) —
were fabricated in this study using the same process. The
thickness of the AgNW/PDMS layer is ~0.5 mm, and the
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Figure 1. (a) Fabrication procedure for the AgNW/PDMS flexible
patch antenna and the schematics for (b) microstrip patch antenna
and (c) 2-element patch array.

separation between the radiating element and the ground plane
is ~1 mm (£0.1 mm).

The single patch antenna consists of a rectangular radiating
patch, a ground plane, and a uniform layer of dielectric
substrate between them. Dimensions of the patch were
designed based on the transmission-line model, which gives
the width W and the length L as functions of the resonant
frequency f,.,, the relative permittivit7y of substrate material ¢,
and the thickness of substrate h*’ (see the Experimental
Section).

The substrate material PDMS has a reported relative
permittivity ranging from &, = 2.67 to 3.00 and loss tangent
ranging from tand = 0.01 to 0.05 over an operating frequency
range of 1.0 to 5.0 GHz.'* Accordingly, we modeled the
substrate material with relative permittivity of &, = 2.80 and loss
tangent of tand = 0.02 for the 3-GHz application. Conductivity
of the AgNW/PDMS stretchable conductor is ~8,130 S cm™
before stretching.”® Here we used a constant conductivity of
8,130 S cm™! for the antenna considering the applied strains
were relatively small.

To obtain the resonance frequency of 3 GHz, the rectangular
patch was designed to be 36.0 mm X 29.2 mm, backed with a
45.0 mm X 40.0 mm ground plane. To match the input
impedance with a 2.5 mm X 8.0 mm 502 microstrip feed line,
the inset feeding method was employed, which left a 3 mm
external part and eliminated the need for an external matching
network. Length and width of the cutout inset region were
optimized in ANSYS HESS to achieve lower return loss and
less additional coupling between patch and feed line.

The 6-GHz 2-element array patch antenna was designed
similarly with the same material parameters except an increased
loss tangent of tand = 0.0S. Two identical radiating elements
with dimensions shrinking to 18.0 mm X 14.3 mm were
arranged in parallel and fed simultaneously by a feeding
network. Since the doubled operating frequency renders the
input impedance more sensitive to inaccuracy in dimensions,
we changed the matching strategy by introducing an impedance
transformer at the edge of each radiating element to reduce
possible fabrication error. Note that due to the fabrication
error, the obtained resonance frequencies for the patch and the
2-element array are 2.92 and 5.92 GHz, respectively.
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Simulated radiation patterns of the one and two element
antennas were obtained by far-field calculation in ANSYS
HESS, as shown in Figure 2. Simulation results for the radiation
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Figure 2. Simulated radiation pattern for the AgNW/PDMS (a)
microstrip patch antenna and (b) 2-element patch array.

Table 1. Comparison of Simulated Radiation Properties for
Microstrip Patch Antenna and 2-Element Patch Array

radiation properties monopole patch 2-element patch array

resonant frequency 2.92 GHz 5.92 GHz
peak directivity 4.16 dBi 8.14 dBi
peak gain 0.37 dBi 4.90 dBi
radiation efficiency 41.83% 48.83%

bandwidth 88 MHz (3.0%) 330 MHz (5.5%)

properties of both antennas are summarized in Table 1 for
comparison. The 2-element array, compared with the single
element, increases the directivity by 4.5 dB and the fractional
bandwidth by 2.5%, with higher radiation efficiency at the same
time.

The patch antennas were characterized experimentally and
compared to the simulated results. Measured and simulated
frequency responses agreed very well, with the difference within
the manufacturing imperfection and measurement uncertainty.
Figure 3 shows the measured spectrum response of the
reflection coefficient over a frequency range of 2 to 4 GHz for
the single patch antenna before stretching, with S;; below —20
dB at the center frequency of 2.92 GHz and above —1 dB far
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Figure 3. Comparison of measured (blue solid) and simulated (red
dotted) reflection coefficient for the AgNW/PDMS microstrip patch
antenna.

outside the operating region. The bandwidth, defined as the
frequencies where S;; < —10 dB, was 97.5 MHz.

We compared the simulated reflection coefficient for the 2-
element array to the measured reflection coeflicient from 4 to 8
GHz. The array was initially designed with a single operating
band at 6 GHz, while the measured results showed an
additional operating band at around 5.3 GHz. We studied the
mechanism of the unexpected resonance by introducing small
dimension deviations due to possible fabrication errors
compared to the antenna model with ideal dimensions. As is
shown in Figure 4, when we assume that one of the radiating
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Figure 4. Comparison of measured (blue solid) and simulated
reflection coefficient for the AGQNW/PDMS 2-element patch array,
with ideal dimensions (red dotted) and 1 mm deviation in length for
one of the radiating elements (red dashed).

elements was fabricated larger in length than the other, the
simulated frequency response would extend to the lower
frequency band and form another band located at around 5.3
GHz for a 1 mm deviation in length, which was very close to
what we observed experimentally.

Far-field performance for the single patch antenna was tested
in an anechoic chamber. We measured the peak gain over
frequency range of 2 to 4 GHz. Radiation efficiency was
estimated using the measured gain and simulated directivity,
which is compared to the simulated radiation efficiency in
Figure S. To further study loss mechanisms of the AgNW/
PDMS patch antenna with respect to radiation efliciency, we
modeled antennas composed of four combinations of dielectric
substrates and metal materials. We considered both AgNW/
PDMS conductor with conductivity of 8130 S cm™" and perfect
electric conductor (PEC) with infinite conductivity for the
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Figure S. Estimated (blue solid) and simulated (red dotted) radiation
efficiency for the microstrip patch antenna.

metal components. Also, we evaluated both PDMS with loss
tangent of tand = 0.02 and lossless dielectric substrate. Table 2

Table 2. Comparison of Simulated Radiation Efficiency of
Antennas in Different Dielectric and Metal Materials

substrate metal radiation efficiency
lossy PDMS AgNW/PDMS 41.53%
lossy PDMS PEC 55.76%
lossless material AgNW/PDMS 67.20%
lossless material PEC 100%

summarized the simulation results of radiation efficiency for all
four combinations. Compared to the ideal configuration,
radiation efficiency was decreased from 100% to around 56%
by the lossy substrate and to around 67% by the AgNW/PDMS
with finite conductivity. For completeness, the radiation pattern
for the antenna in the E-plane and the H-plane is shown in
Figure 6. The stretchable antenna exhibits excellent radiation
properties as well as good agreement with the simulated results.

To test the mechanical tunability as a stretchable antenna,
tensile strain ranging from 0% to 15% was applied to the
AgNW/PDMS patch antenna in the width direction
(perpendicular to the cable connection), while the reflection
coefficient was collected by the network analyzer simulta-
neously. The antenna was tested on a custom-made mechanical
testing stage, where all the components are made of insulators
(e.g., ceramic, glass, and Teflon). Figure 7a shows the measured
frequency response of the reflection coefficient under tensile
strain from 0% to 15%. With the increasing strain, the spectrum
response shifted to higher band, the center frequency increased
almost linearly, and the —10 dB bandwidth remained higher
than 80 MHz, as listed in Table 3. The results suggest that
performance of the stretchable antenna was not largely
compromised during stretching.

The strain was then decreased back to zero on the antenna.
The center frequency was also measured during the releasing
process. Upon complete release of the strain, the antenna
returned to its original resonant frequency demonstrating
excellent reversible deformability (Figure 7b).

To analyze the frequency shift due to the applied strain, we
accounted for the changing dimensions as functions of the
strain. PDMS is a typical hyperelastic material where the total
volume is constant during deformation.”® Therefore when the
antenna is elongated in the width direction, the length and
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Figure 6. Measured (blue solid) and simulated (red dotted)
normalized radiation pattern (a) in the E-plane and (b) in the H-
plane for the microstrip patch antenna at frequency of 2.92 GHz.

height shrink proportionally. The resonant frequency f, is
determined by the length of the radiating patch as

'](1‘85

[4

2L [e, ¢

(1)

where ¢ is the speed of light in vacuum, L is the length of
microstrip patch antenna, and ¢4 is the effective relative
permittivity of the microstrip, to account for the differing
permittivities of the air and substrate material (see the
Experimental Section).

When a tensile strain of s is applied, the new dimensions of
the antenna, patch width W, patch length L, and substrate
thickness h as the function of s are

W= Wil + ) ®)

)

V1 +s 4)

where W, Ly, and h are the original dimensions before stretch,
and for a small strain s < 1, the new resonant frequency is
represented as
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Figure 7. (a) Measured frequency response of reflection coefficient for
the AgNW/PDMS microstrip patch antenna under tensile strains from
0% to 15%. (b) Comparison of simulated (red dotted) and measured
resonant frequency during stretch (blue solid) and release (green
solid) for the AgNW/PDMS microstrip patch antenna under tensile
strain from 0% to 15%.

Table 3. Measured Resonant Frequency and Bandwidth of
the AgNW/PDMS Microstrip Patch Antenna under Tensile
Strains from 0% to 15%

strain (%) 0 3 6 9 12 15
resonant 2.947 2.991 3.020 3.044 3.063 3.083
frequency
(GHz)
bandwidth (MHz) 239 244 253 254 243 258
f _l+s c (1+15)
e 2L 0/ Ereff 2L 0/ Ereft 2 (5)

which gives a linear relationship between the resonant
frequency f,., to the applied strain s. The effective dielectric
constant €. was updated for each strain level.

Results are compared to measurements during both
stretching and releasing processes in Figure 7b. The recorded
center frequency as a function of tensile strain agrees well with
what is predicted by modeling. The difference between
simulated and measured resonant frequencies is within =+3
MHz at each point, which is relatively insignificant (within
+0.2%). The stretchable antenna is thus well suited for wireless
strain sensing applications.
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To further demonstrate the reversible deformability of our
antennas, they were subjected to other deformation modes
including bending, twisting, and rolling, as shown in Figure 8.

Figure 8. Photographs of a stretchable microstrip patch antenna
composed of AgNW/PDMS flexible conductor: (a) relaxed, (b) bent,
(c) twisted, and (d) rolled.

The antenna was deformed by bending by 90° along the long
axis, twisting along the long axis, rolling on both axes. After the
deformed antenna was returned to its original state, it
maintained almost the same spectral properties with difference
of the resonant frequencies within +1 MHz (<0.1%) before
and after deformation in each case, which demonstrates that the
AgNW/PDMS flexible antenna is reversibly deformable and
robust.

3. CONCLUSION

We have demonstrated a class of microstrip patch antennas that
are stretchable, mechanically tunable, and reversibly deform-
able. A 3-GHz patch antenna and a 6-GHz 2-element patch
array were fabricated. Radiating properties of the antennas were
characterized under tensile strain, which agreed well with the
simulation results. The antenna was mechanically tunable,
enabling the resonant frequency to change as a function of the
applied tensile strain. Thus it was well suited for applications
like wireless strain sensing. The radiation efficiency was limited
by losses in both the PDMS substrate and AgNW. The
antennas were also demonstrated to maintain the same spectral
properties after severe bending, twisting, and rolling. The
material and fabrication technique reported here could be
extended to achieve other types of stretchable antennas with
more complex patterns and multilayer structures.

B EXPERIMENTAL SECTION

Fabrication Process. AgNWs with an average diameter of ~90
nm and length in the range of 10—60 ym were synthesized in solution
(from Blue Nano).’® They are dispersed in ethanol with a
concentration of 10 mg/mL. As shown in Figure la, the antenna
pattern was cut out from a stencil mask on a precleaned substrate such
as silicon (Si) wafer. AgNWs solution was drop casted into the mask
on top of a hot plate (set at 5SS °C) and then dried to form a
conductive film of AgNWs with the desired antenna pattern. After
peeling off the stencil mask, liquid PDMS was casted on top of the
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AgNW film and heated at 100 °C for 1 h to cure. When the cured
PDMS layer was peeled off the substrate, the AgNW film was
embedded into the PDMS forming a surface layer both conductive and
stretchable. Fabrication of the ground plane layer followed the same
procedure and then bonded with the patch layer before the liquid
PDMS cured.

Modeling and Design. The width W and the length L are
designed based on the transmission-line model®”

we_° |2
2fres E" +1 (6)
L=—2""" —2AL
2fres V Eref (7)
where
1 -1 e
Ereff = Grly & [1 + 12i]
2 2 w (8)
(e + 03)(% + 0.264)
AL = 0.412h m
(e — 0258)(% + 08) ©)

with AL as the “extended” length at each end because fringing fields at
the patch edges make the length appear larger electrically than
physically. For low frequencies (<10 GHz) the effective dielectric
constant is essentially constant, referred to as the static values and
given by eq 8. Equation 9 is a common approximate relation for the
extension of length depending on the effective dielectric constant &
and the width-to-height ratio (W/h). Typically AL < L.

Antenna Measurement. An antenna was connected to a coaxial
cable by a SMA connector. S-parameters were collected using an
Agilent ES071C Vector Network Analyzer to measure the resonant
frequency and reflection coefficient. Radiation patterns were measured
in the anechoic chamber at the NC State Remote Educational Antenna
Lab (REAL). 2D pattern cuts were measured in the orthogonal E- and
H-planes (YZ and XZ planes). Each cut was obtained by rotating the
antenna under test (AUT) in 10 degree increments while recording
the received signal with a broadband horn antenna (A.H. Systems) to
produce the relative pattern plot. Absolute gain was calculated via gain
comparison to a standard gain horn (A.H. Systems). The results given
in the paper represent the copolar radiation patterns and gain.
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