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An Epsilon-Near-Zero-Inspired PDMS Substrate
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Abstract—In this letter, we transplant the epsilon-near-zero response into the design of a flexible antenna with invariant operating
frequency using the magnetron sputtering and through-silicon-via
crafts. The antenna is based on a section of substrate-integrated
waveguide operating at its transverse TM100 and TM110 modes,
to provide a difference pattern and a sum broadside pattern,
respectively. The flexibility of the polydimethylsiloxane (PDMS)
substrate enables the radiation pattern to be adjusted by arbitrarily
bending the antenna without changing its operating frequency.
The prototype operating at the TM100 mode around 6.58 GHz
is fabricated and tested. Measured results are in agreement with
the simulation, demonstrating stabilized operating frequency and
radiation pattern adjustability in terms of gain, beamwidth, and
mainlobe orientation. Our design may survive harsh deformation
and lead to rich applications in flexible wireless electronics, such as
biosensing and smart bracelet.
Index Terms—Antenna radiation patterns, epsilon-near-zero
(ENZ) antennas, flexible antennas, invariant operating frequency,
magnetron sputtering, through-silicon-via (TSV).

I. INTRODUCTION
ITH the capability to operate under a bent geometry,
flexible antennas have generated a lot of interest in recent
years [1]–[4]. Polydimethylsiloxane (PDMS), a silicon-based
elastomer, has several advantages such as mechanical compliance, low dielectric constant and biocompatibility that make it
a desirable candidate for bendable substrate production [5], [6].
A class of reversibly deformable antennas, with AgNWs (silver
nanowires) embedded in PDMS substrates, were investigated in
[7]–[9]. In [10]–[14], flexible antennas with PDMS-embedded
conductive fabric substrates were proposed for wearable and
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transparent usages. Besides that, conformal antennas with moderate frequency stability [15]–[17] and radiation pattern adjustability [18], [19] were proposed. Previous flexible antennas are
typically based on conventional printed monopoles/dipoles [3],
[4], [9], [17]–[19] or thin patches [1], [2], [5]–[8], [10]–[16].
Recently, a class of media exhibiting the near-zero permittivity have drawn intensive attention for their exotic electromagnetic properties [20]–[24], which lead to novel applications
[25]–[34]. Interestingly, the epsilon-near-zero (ENZ) medium
supports a nearly infinite phase velocity and exhibits “static-like”
field distributions independent of the operating frequency [35],
[36].
In this letter, we propose a new mechanism based on the
ENZ effect, to realize the flexible antenna. Different from the
conventional printed flexible antennas [3], [4], [9], [17]–[19]
using conductive strips to confine the currents, the ENZ medium
intrinsically allows arbitrary deformation of the antenna without changing its operating frequency. A section of substrateintegrated waveguide (SIW) is employed to emulate the ENZ
medium, and the antenna supports two modes, that is, the TM100
and TM110 modes, which are excited via the probe at different
positions. Both modes are independent of the curvature of the
antenna. Operating at the transverse cut-off TM100 mode, the
antenna behaves effective ENZ properties [36], exhibiting a
difference radiation pattern. The TM110 mode, on the other
hand, provides a sum broadside radiation pattern. Both patterns
can be adjusted with respect to the curvature by bending the
flexible antenna dynamically. Furthermore, compared with the
2D-bendable ENZ antenna [37] fabricated by standard printed
circuit board technique, the magnetron sputtering and throughsilicon-via (TSV) crafts combined with the PDMS material are
utilized to fully fulfill the potential of the geometry-irrelevant
ENZ antenna. Measured results show that the antenna sustains a
stabilized operating frequency even under extremely bent states
close to a ring.
II. ANTENNA DESIGN AND FABRICATION
A. Antenna Design
As illustrated in Fig. 1, the proposed antenna is realized
by a section of SIW, which is composed of a 1 mm thick
PDMS substrate in the middle and two metallic patches sputtered
symmetrically on each side of the substrate. The PDMS used in
this letter has a relative permittivity of εr = 2.65 and a loss
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Fig. 2. Fabrication process. (a) Manufacture of PDMS substrate. (b) Printing of two copper layers on the PDMS substrate by magnetron sputtering.
(c) Metallization of the internal walls of vias by TSV technique.
Fig. 1. (a) 3-D perspective and (b) side views of the flexible antenna under bent
state. (c) Simulated 3-D E-field distributions of the antenna (K1 = 0, K2 = 46.2)
operating at the cut-off TM100 mode around 6.58 GHz. (d) TM110 mode around
6.83 GHz. The effective magnetic currents are marked on the two radiating ends.

tangent of 0.021, measured by an Agilent 85070E Dielectric
Kit in the frequency range of 6.5 to 7.0 GHz. The configuration
of the antenna is shown in Fig. 1(a) and (b). As demonstrated
in [36], a subwavelength narrow waveguide channel operating
at the cut-off frequency of the fundamental mode exhibits the
property of an ENZ medium. The dispersion property of such
media, behaving zeroth-order resonance, leads to negligible
dependence of its geometry.
For the TE10 mode of the SIW, the cut-off frequency f0 is
calculated by
√
(1)
f0 = c/(2 εr Weﬀ )
where c is the light speed in vacuum, εr is the relative permittivity of the substrate and the effective width Weﬀ of the SIW is
determined by [38]
Weﬀ = W − 1.08 · D12 /P + 0.1 · D12 /W

(2)

in which W is the spacing of the two arrays of metallic vias, D1
is the diameter of the vias, and P is the periodicity of the vias.
The effective relative permittivity of the SIW is given by [39]
2 2
f ).
εeﬀ (f ) = εr − c2 /(4Weﬀ

(3)

Therefore, (3) can be rewritten as
εeﬀ (f ) = εr (1 − f02 /f 2 ).

(4)

In the situation when f = f0 , the field in the SIW will oscillate
in unison and exhibit zero-phase progress, featuring the ENZ response. The parameters of the antenna are illustrated in Fig. 1(a),
with the dimensions given as: L1 = 50 mm, Ls = 70 mm,
Ws = 65 mm, W = 14.5 mm, P = 1.4 mm, D1 = 0.8 mm,
D2 = 2 mm, H1 = 1 mm, H2 = 200 nm, H3 = 2 μm, H4 = 20 nm,
and H5 = 1.2 μm. The antenna is fed by a 50 Ω coaxial probe,
whose offset distance from the center of the patch is set as
S, for tuning the impedance matching. For the TM100 mode
operation, S and L2 are set as 3.9 mm and 0 mm, and the operating
frequency is calculated as f0 = 6.58 GHz by (1). Meanwhile,
under the offset of S = 5.6 mm and L2 = 12 mm, the antenna
operates at the TM110 mode around 6.83 GHz. The structure of
the circular-arc-shape bent antenna is shown in Fig. 1(b), whose

curvatures K1 and K2 [5] are calculated underneath the substrate
on the yz plane. In the case of a circle, curvature K is inverse to
the radius R (K = 1/R). Here, the curvature K and R represent the
bending degree and curvature radius of the antenna, respectively.
B. Fabrication
The fabrication process of the antenna is shown in Fig. 2. The
first step is the fabrication of the PDMS substrate. Fig. 2(a) shows
the mold formed by polymethyl methacrylate. A curing agent
and PDMS prepolymer (Dow Corning’s Sylgard 184 silicone
elastomer kit) were mixed in a 1:10 weight ratio. After that,
the mixture was poured into the mold, rested for 24 h and then
degassed in a vacuum desiccator for 1 h to completely remove
air bubbles. Next, the solution was cured at 75°C in an oven for
3 h. After curing, the substrate was peeled off from the mold
[see Fig. 2(a)]. The second step is the printing of metal films
[see Fig. 2(b)]. The PDMS surface was rinsed with deionized
water in advance for fear that the surface roughness might lead
to uneven spin coating and metal films peeling off. Then, the
photoresist AZ 4620 was used as a mask and spin-coated on
the PDMS. Subsequently, the PDMS surface was modified by
O2 plasma treatment to increase oxygen groups to which the
metals formed strong bonds. For later measurement purposes,
the feeding hole was plugged with rubber to avoid being metalized. It was followed by two 200 nm titanium layers prior to
two 2 μm copper layers sputtered on each side of the substrate.
The titanium layers were sandwiched between the copper layers
and PDMS to buffer stress. Inevitably, a nearly 20 nm titanium
layer and a 200 nm copper-seed-layer were sputtered on each
internal wall of via. The sample holder had a rotation speed
of 100 r/min and the deposition rate remained almost constant,
thus no fractures were observed on the conductive layer during
the sputtering process. In the third step, a 1 μm copper layer
was evaporated onto each seed layer with TSV technique by
TRP-450 magnetron sputtering system [40] [see Fig. 2(c)]. The
advanced TSV technology facilitates the metallization of the
vias, which is difficult to achieve in conventional crafts. Finally,
the AZ 4620 photoresist was eliminated by acetone. In the
measurement, the subminiature version A (SMA) connector was
inserted into the substrate and bonded to the patch with silver
epoxy.
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Fig. 3. Simulated 3-D realized gain patterns of the TM100 mode-driven
antenna under symmetric bending (case 1: K1 = K2 ) and arbitrary bent states
(cases 2 and 3) at the TM100 mode around f0 = 6.58 GHz.

Fig. 4. (a) Simulated reflection coefficients and (b) normalized gain (in the
linear scale on the yz plane at f0 = 6.58 GHz) of the TM100 mode-driven antenna
under different bent states.
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Fig. 5. Simulated 3-D realized gain patterns of the TM110 mode-driven
antenna (K1 = 0) with different K2 at the TM110 mode around f0 = 6.83 GHz.

Fig. 6. (a) Simulated reflection coefficients and (b) normalized gain (in the
linear scale on the yz plane at f0 = 6.83 GHz) of the TM110 mode-driven
antenna (K1 = 0) with different curvatures K2 .

B. Flexibility of Antenna at TM110 Mode
III. FLEXIBLE ANTENNA PERFORMANCE
A. Flexibility of Antenna at TM100 Mode
The 3-D electric field distribution of the antenna (K1 = 0,
K2 = 46.2) at TM100 mode of 6.58 GHz is simulated by ANSYS
HFSS 18.0 and shown in Fig. 1(c). It can be seen that the electric
field exhibits no variation in magnitude along the SIW owing to
the zeroth-order resonance in the ENZ medium. The antenna
under three cases of bent states is illustrated in Fig. 3. Case 1 is
symmetrical bending, with K1 = K2 = K, case 2 is an extreme
state of case 1, and case 3 is arbitrary bending. The simulated
reflection coefficients of the antenna with different bent states
are presented in Fig. 4(a). Apparently, the frequency of TM100
mode exhibits no obvious shift with the change of curvature,

even under cases 2 and 3. The effective magnetic currents J m1

and J m2 [marked in Fig. 1(c)] on two open ends are antiparallel
at the TM100 mode, which leads to a difference radiation pattern
(case 3 can be seen as an asymmetric difference pattern). It
implies that the shape of the difference pattern can be tuned
by adjusting the relative position of the two apertures with the
operating frequency unmoved.
The simulated 3-D realized gain patterns of the antenna with
different bent states are shown in Fig. 3. It is demonstrated in
cases 1 and 2 that, as the curvature increases, the main beams of
the pattern become wider, and meanwhile they are getting more
distant. The simulated normalized gain of the antenna in case 1
with different curvatures on the yz plane is shown in Fig. 4(b).
When the curvature of the antenna varies from 0 to 62.7, the
angle between two main beams can be tuned from 53° to 115°.

The antenna operating at the TM110 mode exhibits the sum
broadside pattern. The underlying physics is the electric fields
on two radiating ends are out of phase and with equal amplitude,
which contributes to a pair of parallel placed magnetic currents


J m1 and J m2 with the same orientation [marked in Fig. 1(d)].
The electric field distribution of the antenna (K1 = 0, K2 = 46.2)
at the TM110 mode of 6.83 GHz is shown in Fig. 1(d). With the
variable K1 staying zero and K2 varying from 0 to 62.7, the main
beam of the antenna scans from 0° to 23.2°, accompanied by
the peak realized gain varying from 3.7 to 2.3 dBi, as shown
in Fig. 5. A demonstration of unmoved operating frequency
of TM110 mode with different K2 is shown in Fig. 6(a). The
simulated normalized gain of the antenna with different K2 on
the yz plane is illustrated in Fig. 6(b), showing the performance
of beam steering by mechanically bending.
IV. EXPERIMENTAL VERIFICATION
Here, we validate the performance of the TM100 mode-driven
antenna in case 1 (K1 = K2 = K) of Fig. 3. The photograph
of the fabricated sample is shown in Fig. 7(a), and the antenna
under arbitrary bent state is shown in Fig. 7(b). In the experiment
we attach antenna to a cylinder foam with specific radius R to
accurately control the curvature of the antenna, as shown in
Fig. 7(c). Fig. 8 shows the measured and simulated reflection
coefficients of the antenna with different curvatures. When the
curvature K is lower than 96.7, the simulation and measurements
are in agreement, indicating quite stable operating frequency
and high quality factor of the transverse cut-off mode, with a
nearly 39 MHz bandwidth for −10 dB reflection coefficient
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Fig. 7. (a) Photograph of the fabricated TM100 mode-driven antenna.
(b) Fabricated prototype under arbitrary bent state. (c) Measurement setup in
the anechoic chamber.

Fig. 8. Measured and simulated reflection coefficients of the antenna with
different curvatures K at the TM100 mode.

Fig. 9. (a) Measured and simulated angle between two main beams and peak
realized gain versus curvature K at the TM100 mode. (b) Measured and simulated
total efficiencies of the antenna under K = 30.3.

around 6.54 GHz. The wider bandwidth for −10 dB reflection
coefficient in the measured results is most likely due to the
increased dielectric loss of the PDMS, loss from the silver
epoxy, as well as the leakage loss from the vias caused by
fabrication imperfection. After testing of the antenna bent into a
ring for fifty times, no conductive layer fracture was observed.
The repeatability and durability qualify the proposed design for
desirable flexible devices.
We have acquired measured and simulated results of the angle
between two main beams and peak realized gain of the antenna
as a function of curvature K, as shown in Fig. 9(a). When K
varies from 0 to 62.7, the antenna exhibits a 66° (52°–118°)
tuning range of the angle between two main beams, and the level
of peak realized gain varies between 2.26 and 3.24 dBi. Good
agreements between the simulated and measured results are

Fig. 10. Measured and simulated realized gain patterns of the antenna with
different curvatures K on the yz plane operating at the TM100 mode.

obtained. The measured and simulated total efficiencies of the
antenna (K = 30.3) are shown in Fig. 9(b). As seen, the prototype
can reach the measured maximum efficiency about 0.45, slightly
lower than the simulated result by 0.1. The loss in the result is
attributed to the lossy characteristic of PDMS and fabrication
errors. Conductor loss and the loss from connector also should
be considered, but the dielectric loss bears responsibility for
majority of losses mechanism in SIW-based structures [41]. To
improve the bandwidth of the proposed antenna, thicker PDMS
substrate can be used. It can be understood as the reduced quality
factor accompanied by the increasing profile of the antenna. Another solution would be the reduction of permittivity of PDMS
by mixing it with other material such as glass microspheres that
has been successfully validated by [42].
The measured and simulated realized gain patterns of the
antenna with different curvatures K on the yz plane are reported
in Fig. 10. As seen, the measured radiation patterns compare
well with the simulation, with the null depth about 30 dB and
highest realized gain of 2.59 dBi (3.07 dBi) of the main beams
at ±26° (±59°) under K = 0 (K = 62.7) being obtained. The
angle between two beams covers a 66° tuning range when K
varies from 0 to 62.7 in Fig. 10. Besides, the cross-polarization
repulsions are measured higher than 32 dB on the yz plane.
V. CONCLUSION
In this letter, the ENZ concept is introduced into the design of
a novel flexible antenna featuring invariant operating frequency
and adjustable radiation pattern properties. By virtue of the
advanced crafts of magnetron sputtering and TSV, the potential
of the ENZ antenna is fulfilled. The two radiation characteristics,
i.e., difference pattern for the center feeding and sum pattern
in broadside for the offset feeding, are achieved by TM100
and TM110 modes, respectively. Measurement results show that
the TM100 mode-driven antenna has a quite stable operating
frequency of 6.54 GHz under the curvature from 0 to 96.7. The
angle between two main beams of the difference pattern can be
tuned from 52° to 118° with the curvature varying from 0 to 62.7.
Our investigation shows that the TM110 mode-driven antenna
offers a 0°–23.2° beam scanning range under bent scenario, with
the stabilized operating frequency of 6.83 GHz. Featuring high
robustness against physical deformation, the proposed antenna
can be applied in various areas, such as wireless strain sensing
and wearable/body-centric integrated microsystems.
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