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ABSTRACT We present our study on polydimethylsiloxane (PDMS)-embedded conductive fabric, which
we propose as a simple yet effective solution to the challenging issue of poor PDMS-metal adhesion,
allowing for a relatively easy realization of robust flexible antennas for wearable applications. The method
combines the use of conductive fabric as a radiator with PDMS, which acts as the substrate and a protective
encapsulation simultaneously. For the first time, a holistic study on the mechanical and electrical properties
of the proposed combination of materials is presented thoroughly using a number of fabricated samples.
As concept demonstrations, a microstrip patch and a reconfigurable patch antenna are fabricated using
the proposed technique to validate the idea. The inclusion of a PDMS-ceramic composite as part of the
antenna’s substrate, which leads to over 50% reduction in the size compared with a pure PDMS, is also
demonstrated to showcase further the versatility of the proposed technique. The fabricated antennas are
tested in several wearable scenarios and consistent performance including reconfigurability is obtained even
after the antennas are exposed to harsh environments, i.e., extreme bending and machine-washing.

INDEX TERMS Conductive fabric, flexible antenna, frequency-reconfigurable antenna, patch antenna,

polydimethylsiloxane (PDMS), polymer-ceramics composite, reconfigurable, varactors, wearable.

I. INTRODUCTION
The emerging wearable wireless communication has created
an increasing demand for a flexible, reversibly deformable,
and wearable antenna as the key component in the Radio
Frequency (RF) front-end of the system. Considering the
necessity of comfort for prolonged use, conventional anten-
nas fabricated using rigid PCB technology are not suitable
for this application. This is due to their poor flexibility, thus
not allowing them to cope with the dynamics of the human
body and to stand mechanical deformations in the human
body environment, such as bending, twisting, and stretching.
To address this major limitation, significant efforts
have been focused on the realization of flexible wearable

antennas using unconventional materials [1]-[29]. Among
these, the use of polydimethylsiloxane (PDMS) polymer has
been emerging as one of the most promising approaches. That
is due to their remarkably low Young’s modulus (< 3 MPa),
indicating an extremely high flexibility/conformality com-
pared to any other polymers [30], [31] and an acceptable
loss in the microwave region with an easy-to-tune relative
permittivity value [1]. In addition to a low-cost prepara-
tion [3] and versatile fabrication process due to its initial
liquid state [10], the molecular structure of PDMS renders
its unique properties of water-resistance, heat-resistance (up
to 400°C), UV-rays resistance, and chemical stability, making
PDMS resilient to extreme environments [32], [33].
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With such benefits, the inherently weak metal-polymer
adhesion [34] nevertheless challenges the development of
flexible antennas with PDMS. Any common metal deposition
techniques or direct attachment of metal sheet generally do
not work well for PDMS [3], [4], [34], causing the integra-
tion of the antenna conductive parts particularly problematic.
A poor metal-polymer adhesion can lead to frequent detach-
ment of the antenna conductive parts under deformation and
stress, and hence compromise the antenna’s RF performance.
In the last decade, some solutions to this issue have been pro-
posed, which include embedding carbon nanotube sheets [3],
embedding perforated copper sheet [10], embedding silver
nanowires (AgNWs) [12], [21], injecting liquid metal [35],
and oxygen plasma treatment on the PDMS surface prior to
metal deposition [20], [34], [36]. Generally, the primary issue
with these approaches is the complexity of the fabrication
process, whereas the properties of materials, such as the low
conductivity of the carbon nanotube [37], the possibility of
liquid metal leakage [12], the less flexibility and durability
of copper sheet (i.e. possibilities of cracks or permanent
folds after extreme strains) [35], and the high material cost
of silver [24] are some of the several secondary challenges.
On the other hand, the method of embedding embroidered
conductive threads has also been proposed in [38] and [39].
However, the application has only been demonstrated for
wire type antenna where the surface contact between the
conductive part and the PDMS is very minimum.

In this paper, we present PDMS-embedded conductive
fabric as a simple yet effective approach to overcome the
challenge of poor PDMS-metal adhesion, allowing for a rel-
atively easy realization of flexible and mechanically robust
PDMS-based wearable antennas. We also performed a thor-
ough characterization of the mechanical and electrical prop-
erties of this method using four potential combinations of
PDMS-embedded conductive fabric. This characterization
process provides insight into the mechanical robustness of
this approach, the constraints associated with selection of the
conductive fabric for various parts of the antenna, and the
effective modeling of the antenna, which is valuable in the
design process of the antenna. To the best of the authors’
knowledge, this has never been explored previously in any
related works [38], [39] including our first presentation of this
technique [28]. Based on those studies, using the most suit-
able combination, we design and fabricate flexible antenna
examples, including a reconfigurable antenna, as concept
demonstrations. We also expand the PDMS-conductive fab-
ric combination by incorporating a PDMS-ceramic compos-
ite substrate which leads to a more than 50% reduction of
antenna size without compromising the antenna flexibility,
robustness or RF performance, as compared to the one using
pure PDMS in [28]. To validate the robustness provided by
the proposed approach, the performance of the antennas is
studied by subjecting them to various extreme environments
such as extreme bending and machine-washing.

Compared to previously reported approaches in [4], [5],
[22], and [25], that utilize similar combinations of materials,
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TABLE 1. Conductive fabrics investigated in this work.

Type Composition ‘ t (mm) ‘ o (S/m)

CFI nickel-copper-silver coated nylon ripstop 0.13 7.7x10°
CFII | copper coated polyester taffeta 0.08 2.5x10°
CFIII | nickel-copper coated ripstop 0.08 4.2x10°
CF1V | silver coated ripstop 0.05 | 8x10*

Note: t = thickness, o = effective conductivity

by merely attaching the conductive fabric or embroidered
layers on the surface of the PDMS, a significantly stronger
integration is achieved that leads to their withstanding very
harsh operating conditions. The full encapsulation by PDMS
provides the physical robustness needed by wearable applica-
tions as it keeps all the antenna parts in place, avoids detach-
ment even under severe deformation, and protects them from
harsh environments. Therefore, this approach is also suitable
for implementation of robust active wearable antennas, whose
performance can be tuned by means of electronic tuning
components attached to the body of the antenna.

Il. CHARACTERISTICS OF PDMS-EMBEDDED
CONDUCTIVE FABRIC

A. MATERIALS

As the conductive elements, only woven conductive fabric
is considered in this work for its higher and more isotropic
effective conductivity, compared to that of knitted conductive
fabric [2]. Among the available conductive fabrics, we chose
the four woven conductive fabrics, CF 1, II, III, and IV,
listed in Table 1. Specifically, these fabrics are composed
of entirely plated multifilament threads intertwine with each
other in a one-to-one ratio between the vertical and horizontal
directions. The distance between adjacent groups of threads
is very small, less than 0.04 mm, thus allowing a good
resemblance to a solid metallic plate [11]. The information
about the fabrics was gathered from the datasheets provided
by the manufacturers, Marktek Inc. and Less EMF Inc. The
major differences between the fabrics are their thicknesses,
the composition of the metal coating on the threads, and the
threads density, which lead to different effective conductivi-
ties, affecting the performance of the fabricated antenna.

On the other hand, for the non-conductive elements,
we prepared two different types of polymers: (a) pure PDMS,
and (b) PDMS-ceramic composite polymer. To make the
PDMS layers, a solution prepared using a Dow Corning Syl-
gard 184 silicone elastomer kit through the process described
in [5] was used. The PDMS-ceramic composite was pre-
pared by mixing the PDMS solution with 20% volume of
SrTiO3 ceramic powder, which will be applied later during
the antenna demonstrations in Section III. SrTiO3 is well
known for its very high relative permittivity of 270 and a
low loss tangent below 0.001 at microwave frequencies [40],
[41]. The electrical properties of the solutions are shown
in Figs. 1(a) and (b), which were obtained through measure-
ments using an Agilent 85070E Dielectric Probe Kit. It is
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FIGURE 1. Measured electrical properties of PDMS and PDMS-ceramic
composite with 20% volume of StTiO3 loading. (a) Relative permittivity.
(b) Loss tangent.
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FIGURE 2. lllustration of the samples. (a) When the conductive fabric is
embedded inside the PDMS. (b) When the conductive fabric is simply
attached on the PDMS surface. All dimensions are in millimeters.

interesting to note in Fig. 1 that the PDMS-ceramic composite
provides nearly twice the permittivity of the pure PDMS with
a reasonably similar loss characteristic. This property is used
in Section III to achieve significant miniaturization of the
antenna.

B. MECHANICAL CHARACTERIZATION
To investigate the mechanical properties of the PDMS-
embedded conductive fabric, we fabricated four samples
out of four different conductive fabrics. For validation pur-
poses, three prototypes were made for each type of sample,
which all have the same dimensions as depicted in Fig. 2(a).
To highlight the advantage of this approach compared
with previously reported works, where the conductive fab-
rics/embroidered layers were attached on the surface of the
PDMS substrate [4], [5], [22], [25], the non-encapsulation-
layer version of all samples were also prepared as illustrated
in Fig. 2(b). For mechanical characterization, we utilize only
pure PDMS considering that the addition of 20% volume of
SrTiO3 does not change the nature of metal-PDMS adhesion.
As illustrated in Fig. 3(a), all of the samples were subjected
to a set of mechanical stress testings including severe rolling,
twisting, and bending, each repeated 50 times. The tests
were conducted in two cycles, and comparisons between the
samples before and after each testing cycle are given in Figs.
3(b) and (c). The results show that the PDMS-embedded
conductive-fabric approach provides a significantly improved
physical robustness compared to the previous method of
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FIGURE 3. (a) lllustration of mechanical testing scenarios. Photograph of
the samples before and after tests, when: (b) the conductive fabric is
embedded inside the PDMS layer; (c) the conductive fabric is simply
attached on top of the PDMS layer.

attaching the conductive fabric on the surface of a PDMS
layer. During the tests, we observed that without the PDMS
encapsulation layer a possibility of the fabric to detach from
the substrate, often starting from the edge and expanding
further to the whole part of the fabric, is still very high,
resulting in what is shown in Fig. 3(c). These results also
indicate that samples fabricated with the previous method
may not endure washing.

C. MECHANICAL STABILITY DUE TO STRUCTURAL
CHARACTERISTICS OF PDMS-EMBEDDED

CONDUCTIVE FABRIC

Let us study the physical structure of the PDMS-embedded
conductive fabric by observing it under the scanning electron
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FIGURE 4. SEM image view of a PDMS-embedded conductive fabric
sample.
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FIGURE 5. Photograph of the conductive fabric under a fluorescence
microscope. (a) CF I. (b) CF II. (c) CF lll. (d) CF IV.

microscope (SEM), a snapshot for which is shown in Fig. 4.
A typical conductive fabric consists of multifilament con-
ductive yarns intertwining with each other, leaving a porous
conductive surface. This allows the PDMS in its initial liquid
form to penetrate through the conductive fabric and bond
with the PDMS encapsulation layer on the other side of the
conductive fabric. Normally, the adhesion between PDMS
and the conductive elements like metals is weak [4], [34].
However, with the extra support from the PDMS-PDMS layer
adhesion which is much stronger than that of the PDMS and
conductive fabric, better structural integration is obtained,
thus allowing the structure to stand against severe deforma-
tions better.

As an implication, the mechanical stability of the
PDMS-embedded conductive fabric depends upon the poros-
ity of the conductive fabric as it determines the amount of
PDMS-PDMS layers bonding that can be achieved across
the fabric. In Figs. 5(a)-(d) photos of the four conductive
fabrics under a fluorescence microscope with ten times mag-
nification are given. The figures show an increasing porosity
from CF I to CF IV. This explains the mechanical testing
results in Fig. 3(b), where the mechanical robustness of the
sample increases from CF I to CF IV. It is determined by
the amount of white mark across the samples that decreases
from CF I to CF IV. The white mark indicates the gap formed
between the conductive fabric and PDMS due to repeated
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FIGURE 6. PDMS-embedded conductive-fabric transmission lines.
(a) Design (All dimensions are in millimeters). (b) Photograph of the
fabricated prototypes.
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FIGURE 7. PDMS-embedded conductive fabric T-resonators. (a) Design
(All dimensions are in millimetres). (b) Photograph of the fabricated
resonators.

severe deformations. Although for some combinations the
gap can still appear, it is worth noting that in this approach
the conductive fabric still retains its electrical connectivity as
it does not suffer from the crack formation as in a flexible
PCB substrate under severe bending. Moreover, in contrast
to the samples fabricated with previous methods (Fig. 3(c)),
the conductive fabric remains inside the PDMS layer, thus is
still protected from being peeled off or washed away.

D. ELECTRICAL PROPERTIES OF PDMS-EMBEDDED
CONDUCTIVE FABRIC

To characterize the electrical properties of the PDMS-
embedded conductive fabric, we fabricated and measured
the performance of four 50 € microstrip transmission
lines with dimensions shown in Fig. 6(a). The fabricated
prototypes are shown in Fig. 6(b). Additional loss in
the conductive part was observed, likely contributed by
PDMS penetration into the conductive fabric, and there-
fore needs to be considered during the simulation to attain
an accurate design. To do that, the effective conductiv-
ity of the conductive fabric which was modelled in CST
Microwave Studio 2016 using a box with the fabric thick-
ness was adjusted in the simulation, until the best match
between the simulated and measured |S|-parameters was
achieved [42]. For validation, the values were also evalu-
ated using the T-resonators [43] shown in Figs. 7(a) and (b),
designed and fabricated using the same combinations of
PDMS-embedded conductive fabric. The effective conduc-
tivity was readjusted until the resonance in simulation
matches well with that of the measurement, as shown
in Figs. 8(a)—(d).

The comparison between the simulated and measured
|S|-parameters of the transmission lines after adjusting the
effective conductivity value is shown in Figs. 9(a) and (b). For
all prototypes the return loss is above 16 dB over the whole
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FIGURE 8. Simulated (solid lines) and measured (dotted lines)
transmission coefficient (S, |) of PDMS-embedded conductive fabric
T-resonators with (a) CF I, (b) CF 11, (c) CF 111, and (d) CF IV.
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FIGURE 9. Simulated (solid lines) and measured (dotted lines)
|S|-parameters of the fabricated transmission lines. (a) |S;1|. (b) Input
reflection coefficient (]S;;1).

observation band, and as expected the insertion loss varies,
indicating the different conductivity of each conductive fabric
used. The adjusted conductivity values, which are lower than
those of the plain conductive fabric provided in the datasheet,
are given in Table 2. These are the values which were applied
to model the conductive fabric embedded in PDMS during
the antenna design stage.

iIll. PDMS-EMBEDDED CONDUCTIVE FABRIC IN
REALIZATION OF WEARABLE ANTENNA

A. PASSIVE AND ACTIVE PATCH ANTENNAS
CONFIGURATIONS

To demonstrate the applicability of the proposed approach
for realization of robust wearable antennas, as illustrated
in Figs. 10(a) and (b), we designed a regular inset-fed rectan-
gular patch antenna operating in ISM 2.45 GHz band together
with its active version which has the capability of contin-
uous resonance-frequency tuning. Henceforth, they will be
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TABLE 2. Estimated conductivities used to model the conductive fabrics
embedded in PDMS.

Conductive Fabric Type | Estimated o (S/m)
CF1 1.02x10°
CFII 5x10%
CF1II 5.4x10%
CF1V 4.8x103
Note: o = effective conductivity
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FIGURE 10. Antennas designed for concept demonstrations. (a) PA.
(b) RFPA. All dimensions are in millimeters.

referred to as PA and RFPA, respectively. PDMS layers
are used as the substrate and encapsulation that completely
covers the antennas, including the electronic tuning and RF
choking components in the RFPA. We also employed the
prepared PDMS-ceramic composite as part of the substrate
of the RFPA. A full ground plane is maintained in both
designs for a low antenna-human-body coupling level which
is essential in wearable applications.

The total size of the RFPA was reduced by 52% by load-
ing 20% volume of SrTiOs3 ceramic powder in the PDMS
polymer, as compared to the pure PDMS embedded antenna
demonstrated initially in [28]. This decrease in antenna size
results from an increase in the permittivity of the polymer
up to 6.36, yet with a marginal change in the loss. This is
a significant improvement without compromising the flexi-
bility of the antenna or its performance. The dimension of
the composite substrate was optimized to be as large as the
area of the radiating patches, after considering the miniatur-
ization factor and additional dielectric loss contributed by the
ceramics. More miniaturization could be achieved by adding
more ceramic powder, but at the expense of further dielectric
losses and lower fringing fields due to the high permittiv-
ity [44]. These two together will degrade the efficiency of
the antenna. Moreover, a larger amount of ceramic loading
affects the flexibility of PDMS and complicates its fabrication
process, as the mixture becomes thicker and thus harder to
mix homogeneously [45].
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TABLE 3. Reverse bias voltage and corresponding varactor junction
capacitance.

Bias State ‘V1 ‘ Va ‘ Vs

Voltage (V) 0 4 20
Cj (pF) 1.1 | 0.46 | 0.097

Apart from the inclusion of PDMS-ceramic composite
substrate, the improvement in the RFPA from the one in [28]
includes the use of thinner substrate and encapsulation layers
to reduce the profile of the antenna further. Moreover, the con-
ductive parts of the antenna were realized using different
combinations of conductive fabrics, which leads to a better
mechanical robustness. Both in PA and RFPA, the antenna
patches were realized with CF I due to its highest conductivity
among the other four conductive fabrics, which is necessary
for a higher antenna efficiency. On the other hand, consider-
ing its high porosity and acceptable conductivity, CF III was
chosen over CF IV for the ground plane. Fabric with higher
porosity is more beneficial for such a large surface as a ground
plane as it minimizes the possibility of fabric detachment.

The continuous frequency reconfigurability is achieved by
adding a U-shaped parasitic around the rectangular patch
and connecting them using two varactors. The varactors are
placed in line with the dominant current path of the rectan-
gular patch operating in its fundamental mode so that the
effective electrical length of the patch can be changed through
the variation of a DC bias voltage applied to the varactors.
The two varactors are reverse biased by a single DC voltage
applied to the antenna together with the RF signal, using
a bias tee to eliminate the need for a complex bias circuit.
The cathodes of the varactors are connected to the rectan-
gular patch, while the anodes are connected to the parasitic
patch. The parasitic patch is DC grounded by a thin conduct-
ing line which is isolated from the RF signal by an RF-choke
chip inductor (47 nH) from Coilcraft. The MGV 125-20-
0805-2 varactor diodes from Aeroflex Metelics were chosen
for their low parasitic resistance (R;) and adequate range
of junction capacitance (Cj). During the antenna simulation
and optimization using CST Microwave Studio 2016, each
varactor was modeled with a series RLC equivalent circuit,
which consists of Ry of 1.6 €2, diode parasitic inductance (L)
of 0.4 nH, parasitic capacitance (C,) of 0.06 pF, and C; as
given in Table 3 [46], [47].

B. PROTOTYPES FABRICATION

The antenna was fabricated layer by layer, starting from the
bottom to the top encapsulation layer for ease of integra-
tion of the antenna parts (Fig. 11). The same principle was
applied when fabricating the rectangular samples and the
transmission lines described in Section II. To achieve good
PDMS-PDMS layer bonding, PDMS solution was directly
poured and cured over a cured PDMS layer when making the
multilayer PDMS structure [48]. The curing of each PDMS
layer, including the PDMS-ceramic composite, was done in
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FIGURE 12. Fabricated prototypes. (a) PA. (b) RFPA.

Top view

the oven at 65°C for two hours, while for the thin PDMS
layers that were used to attach the conductive fabric, it was
done with 80°C temperature for only 30 minutes. Before
curing in the oven, the solutions were always degassed in a
vacuum desiccator for about 40 minutes to remove air bubbles
trapped inside.

Taking advantage of the initial liquid state of PDMS,
we used customized ring-shaped molds made out of commer-
cial laminates from Taconic having the thicknesses required
by the designs, into which we can pour the PDMS solution
and guarantee the accuracy of the thickness of each layer.
To make the mold, a rectangular aperture that is big enough
to contain the designs were made on each laminate. Only for
the second mold that was used to make the PDMS-ceramic
composite substrate, the width and length of the aperture were
precisely made following the area of the radiator patches to
ensure that the size of the composite substrate fits the area of
the radiating patches. As can be seen in the fabrication flow,
once the composite substrate was cured, the second mold was
removed before proceeding to the next PDMS layer.
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The top and bottom encapsulation layers were cut slightly
at the edges of the transmission lines and the bias line of
the RFPA, to be able to attach SMA connectors and a short
copper wire connecting the bias line to the ground plane for
measurement purposes. The attachment was done by means
of silver epoxy, and to cure it the antenna was left again in the
oven at 65°C for another one hour. The same treatment was
done for attaching the varactors and inductor on the RFPA.
Photographs of the fabricated PDMS-embedded conductive
fabric antennas are shown in Figs. 12(a) and (b).

IV. MEASUREMENTS AND TESTING

Next, we proceeded to characterize the RF performance of
the fabricated antennas in both free space and the on-body
environment. The latter was done with UWB semisolid phan-
toms as shown in Figs. 13(a), (b), and (c), for assessing two
critical aspects of wearable antennas i.e. the performance in
the vicinity of a human body and the influence of physical
deformation. The phantoms, prepared following the proce-
dure in [49], have the electrical properties as shown in Fig. 14,
which agree very well with those of a human muscle reported
in [50]. During the measurements with the flat phantom,
a gap of 5 mm was maintained between the antennas and the
phantom using foam to emulate the actual placement of the
antenna on a human body with clothing.

A. |Sq;l

As shown in Figs. 15(a) and (b), the measured |S;;| param-
eters of both antennas are largely in accord with the simula-
tions. Using the adjusted conductivity values, a better agree-
ment between the measured and simulated results compared
with those previously shown in [28] can be noticed. In free
space, the patch antenna has 10 dB return-loss bandwidth
of 3.3% centered at 2.45 GHz, while the reconfigurable
patch antenna demonstrates resonance-frequency tuning from
2.37 to 2.66 GHz with an average 10 dB return-loss band-
width of 3.7%. When placed in close proximity to the flat
phantom as illustrated in Fig. 13(a), the changes in the |S;1|
of both antennas are insignificant (see Figs. 16(a) and (b)),
thanks to the antenna-phantom isolation provided by the
ground plane.

B. ROBUSTNESS AGAINST PHYSICAL DEFORMATION

To investigate the effect of physical deformation on the
antenna performance, we severely bent each antenna in its
E and H-planes around the phantom’s wrist having a radius
of 28 mm, as illustrated in Figs. 13(c). As expected, due
to the significant alteration in the main current path of the
antennas, the bending in their E-plane has a major effect
on the resonance-frequency shift, whereas bending in the H -
plane has a negligible effect on the antenna input impedance
and resonance frequency (see Figs. 16(a) and (b)). Therefore,
in practice it is normally suggested to avoid bending the
antenna in the E-plane [51]. However, this is not a problem
in the active design where the resonance frequency can be
retuned easily by adjusting the bias voltage. It should be noted
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properties of the fabricated UWB phantoms compared to the reference
data [50] (solid lines).
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FIGURE 15. |Sy;| of the antenna in free space. (a) PA. (b) RFPA.

that, due to the flexibility of the combined PDMS or PDMS
composite and conductive fabric, the antennas can be bent
easily to a radius of less than 28 mm, and still return to
their original shape. The PDMS encapsulation also seals
the lumped components firmly on the antenna radiator sur-
face, thus maintaining the reconfigurability even under severe
bending.

C. RESILIENCE TO EXTREME ENVIRONMENT

The resilience of the proposed fabrication method was fur-
ther assessed through a washability test. Both the anten-
nas were washed in a household washing machine together
with other laundry using detergent, bleach, and 40°C water
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FIGURE 16. |Sq;| of the antenna on the flat phantom and under bending
on the phantom'’s wrist. (a) PA. (b) RFPA.
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FIGURE 17. Normalized simulated and measured radiation patterns of
the antennas in free space and on the flat phantom. (a) PA. (b) RFPA at
State II.

TABLE 4. Summary of the peak gains and efficiencies of the prototypes
fabricated with PDMS-embedded conductive fabric.

| PA RFPA*
Result Gain (dBi) | Eff. (%) | Gain (dBi) | Eff. (%)
Sim. free space 1.7 35 0.6to1.4 29 to 40
Meas. free space 1.6 34 0.4t01.3 28 to 39
Meas. on flat phantom 1.1 27 —1.1t00.3 | 17to 19

“The results over the entire tuning range (0 to 20 V bias voltage)

in one complete cycle for around 45 minutes. Each con-
nector of the antennas was sealed with a plastic cap and
tape to minimize water exposure and to protect the connec-
tion against turbulence inside the machine. Once dry, the
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TABLE 5. Previously reported flexible wearable antennas.

Tot. efficiency (%)
Antenna Freq. (MHz)

In free space On body
[8] 2450 31-41 NA
[9] 1800 — 3000 76 — 86 33 -63
[10] 383.5 25% NA
[12] 2920 41.5 NA
[13] 2450/5200 40/40 NA
[14] 2400 37 NA
[15] 2490/2670/4520 15.2/14.3/41.4 NA
[17] 2450 81 60
[18] 2450 24 14
[26] 2450 33 NA
[27] 915/1575 NA 6.39/72.6
[29] 2450 NA 27

*Simulated result only

|S11] parameters of both antennas were re-measured. As can
be seen in Figs. 15(a) and (b), no significant discrepancies
appear in the |S11| of both antennas. The minor changes are
found to be caused by the SMA to antenna connection that
was flexed slightly due to the turbulence inside the wash-
ing machine. Most importantly, an almost identical recon-
figurability performance before and after washing is shown
by the RFPA. These results validate the superiority of the
proposed method. The PDMS encapsulation keeps the con-
ductive parts of the antenna as well as the lumped elements
from being detached during washing and also protects them
from water or any other chemical exposure. Consequently,
a well-preserved antenna efficiency can be expected, since
PDMS prevents the dissolution of the fabric’s conductive
materials [19].

D. RADIATION PERFORMANCE

The normalized radiation patterns of PA and RFPA, in free
space and when mounted on the flat phantom, are given
in Figs. 17(a) and (b). The patterns are shown at the free-space
resonance frequency of PA and RFPA operating at State II.
As expected from a patch antenna operating in its fundamen-
tal mode, the maximum radiation is in the broadside direction.
For the RFPA, the patterns are quite stable over the entire
tuning range. However, for brevity, only the pattern at State 11
is shown. The on-phantom radiation patterns generally appear
to be quite similar to those in free space, apart from the slight
decrease in the back radiation.

Table 4 summarizes the peak gains and efficiencies of
both antennas. A good agreement is shown between the
simulated and measured results in free space, which once
again validates the accurate estimation of the fabric con-
ductivity after being embedded in PDMS. The gains and
efficiencies are decreased when the antennas are placed on
the phantom. However, these decrements can be considered
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low for antennas having a relatively small ground plane with
an imperfect conductivity. Compared to our work presented
in [28], the current reconfigurable prototype has a maxi-
mum 2.5 dB lower gain in free space, which is expected
as the consequence of the conductive-fabric selection and
the inclusion of the PDMS-ceramic composite. Nonetheless,
in addition to the significantly smaller size, it demonstrates
better robustness against physical deformation, thanks to the
right conductive fabric combination. It can also be seen from
Table 5 that the efficiencies of the antennas fabricated with
PDMS-embedded conductive fabric are still comparable to
some previously reported flexible wearable antennas realized
with other techniques.

V. CONCLUSION

We have demonstrated a practical approach to achieve robust-
ness with flexibility in wearable antennas. Conductive fabric
embedded within PDMS polymer was thoroughly character-
ized. Antennas were fabricated using this method, and their
RF performance including reconfigurability was studied by
exposing the antennas to various deformations and harsh test
environments. Excellent performance was obtained, consis-
tently, even after washing the antennas in a machine, validat-
ing the applicability of the proposed approach for realization
of robust flexible antennas or other RF electronic components
for wearable applications. Moreover, the good agreement
between the simulated and measured results adds further
assurance to the analysis and shows that the materials and
methods involved allow reliable antenna optimization using
regular modeling approaches. As future work, some possi-
bilities to improve the efficiency of the PDMS-embedded
conductive fabric based antennas will be examined. These
include repetitive coating of the conductive fabric with certain
conductive materials to increase the effective conductivity of
the fabric [4] and mixing PDMS with micro/nanoparticles
such as alumina, polytetrafluoroethylene (PTFE), and glass
microspheres to reduce the loss of PDMS [52]-[54]. The
effect of these methods on the mechanical properties of
both materials and thus the mechanical robustness of the
PDMS-embedded conductive fabric will also be investigated.
In addition, a multiple washing test to further verify the
washability and hence the robustness of the proposed method
will be conducted in the near future.
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