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Abstract—We present a proximity-coupled meandered patch
antenna implemented in a multilayer substrate for biomedical
monitoring applications. The antenna’s resonant frequency shifts
to lower bands at a rate of 40.77 MHz/N when force is applied
perpendicular to the radiating patch. Remote interrogation at a
distance of 17 cm in an anechoic chamber demonstrated that the
high-gain horn antenna detects this frequency shift when masses
are applied to the radiating patch. These findings suggest that the
proposed antenna sensor is suitable for force sensing in wearable
healthcare.

Index Terms—Meandered patch, antenna sensor, e-textile,
wearable healthcare, flexible electronics, force-sensing, biomedi-
cal monitoring, body-worn sensors.

I. INTRODUCTION

In recent years, the integration of advanced technologies
into healthcare applications has significantly enhanced patient
monitoring and treatment methodologies. Among these tech-
nologies, force sensing plays a pivotal role in various med-
ical contexts, offering insights into physiological processes,
movement analysis, and patient rehabilitation [1], [2], [3], [4].
The ability to accurately measure force not only facilitates the
monitoring of vital signs but also enables clinicians to assess
motor function, detect abnormalities, and tailor treatment reg-
imens accordingly. Traditionally, force sensing in healthcare
has relied on battery-powered sensors, which are effective
but come with inherent limitations such as size, weight, and
power requirements. These sensors often necessitate frequent
battery replacements, leading to interruptions in monitoring
and increased operational costs. Moreover, their bulkiness and
limited flexibility restrict their application in wearable devices,
impeding seamless integration into daily life.

In contrast, antennas present a promising alternative for
passive sensing by tuning their geometry and substrate prop-
erties [5]. This approach offers several advantages over
traditional battery-powered sensors, including reduced size,
weight, and power consumption. Furthermore, antennas can
be seamlessly integrated into wearable devices, enabling con-
tinuous, non-invasive monitoring without frequent battery re-
placements. For example, a dual-frequency rectangular strain
sensing antenna operating at 17.2 and 20.5GHz is proposed
in [6], demonstrating a decreased resonant frequency when
strain is applied to an aluminium backing. The relationship
between strain applied to a circular patch and its shift in the
resonant frequency is established in [7]. The antenna operates
at 1.5GHz and can measure strain in any direction in the

Fig. 1. The proposed antenna sensor can be used to improve the effectiveness
of plaster casts in wearable healthcare applications.

plane of the patch due to its symmetry design. However, this
design is realized in a rigid substrate and is thus ill-suited for
wearable healthcare applications.

In this paper, we explore the potential application of anten-
nas as force sensors in healthcare. A proximity-coupled mean-
dered patch antenna is designed using a multilayer substrate.
The antenna is miniaturized through meandering techniques
and resonates at around 2.98GHz, with its frequency shifting
when masses are applied perpendicular to the radiating patch.
By leveraging antennas for force sensing, we aim to enhance
healthcare with improved patient care, diagnostics, and per-
sonalized treatments.

II. ANTENNA DESIGN

Fig. 2(a) depicts the geometry and configuration of the
proposed proximity-coupled meandered patch antenna. A cir-
cular patch with a diameter of 12mm is implemented using a
multilayered substrate configuration, as illustrated in Fig. 2(a).
The size of the patch is miniaturized using a meandering
technique. The meandered copper trace has a width of 0.9mm,
with a spacing of 0.6mm between the traces. The dimensions
of the substrate are 50 × 50 mm2. A 50Ω microstrip feed line,
25mm long and 2mm wide, is designed and placed between
the radiating patch and the ground plane. The substrate is
made of polyester felt with a relative permittivity (ϵr) of 1.2,
a loss tangent (δ) of 0.02 and a thickness of 1.2mm. CST
Microwave Studio 2023 was used to simulate the antenna
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Fig. 2. (a) Geometry of the proposed patch antenna (all dimensions are in mm); (b) fabricated prototype of the patch; (c) simulated and measured reflection
coefficient of the antenna.

TABLE I
ELECTRICAL PARAMETERS OF THE LAYERED HUMAN MODEL.

Relative
permittivity

Electrical conduc-
tivity (S/m)

Layer thickness
(mm)

Skin and fat 14.5 0.25 5

Muscle 55 0.94 10

Bone 12.6 3.85 5

Internal organs 52 0.91 20

design. A layered human tissue model, with material properties
and dimensions summarized in Table I, was also included as
part of the design.

The patch antenna (Fig. 2(a)) was fabricated and is shown in
Fig. 2(b). A conductive fabric sheet was used to construct the
patch, microstrip line, and ground plane, which were cut using
a laser engraver and vinyl cutter (Xtool M1). Repositionable
adhesive spray was then applied to attach the patch, microstrip
line, and ground plane to the polyester felt substrates. Silver
conductive epoxy adhesive was used to secure the SMA
connector to the 50Ω microstrip line and ground plane.

A vector network analyzer (VNA), R&S ZND, was used
to measure the reflection coefficient, S11, of the antenna on
the body, as depicted in Fig. 2(c). The results indicate that the
antenna resonates at around 2.98GHz. Although the measured
result is high at −10 dB compared to the simulated value
of −30 dB, which is attributed to a fabrication error, no
significant shift is observed when the antenna is bent on the
human arm. The resonant frequency of the antenna remains
unchanged in both free space and when placed on the body,
due to the ground plane eliminating the human tissue effect
on the radiating patch.

III. MEASUREMENTS AND RESULTS

A. Radiation Pattern

Gain measurements of the patch antenna were taken in an
anechoic chamber, with the setup in free space and on the
body, as illustrated in Fig. 3(a) and (b). In free space, the
simulated gain of the antenna is -6.8 dBi, while the measured
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Fig. 3. Patch radiation pattern measurements: (a) patch in free space; (b) patch
mounted on a hand phantom; (c) simulated and measured radiation pattern in
xz-plane at 2.98GHz in free space and (d) simulated and measured radiation
pattern when antenna mounted on the hand phantom.

gain is -3.1 dBi in the xz-plane, as shown in Fig. 3(c).
The patch was then mounted on a hand phantom, and the
measurements were repeated. The measured antenna gain
pattern is illustrated in Fig. 3(d), indicating that the maximum
gain of the antenna is -13.4 dBi at 2.98GHz and -6.7 dBi at
2.6GHz. The gain is comparatively low for two main reasons.
First, the antenna size is reduced by employing a meandering
line design, which naturally limits radiation efficiency. Second,
although the ground plane helps maintain stable impedance,
near-field absorption by the body still reduces radiated power.
The effect of the hand on the antenna’s radiation pattern
can be reduced by increasing the size of the ground plane;
however, this would consequently increase the overall size of
the antenna.
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Fig. 4. (a) Radiating patch mounted on: (a) arm; (b) hand; (c) palm; and (d) measured resonant frequency of the antenna.
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Fig. 5. (a) Measurement setup for testing the sensing response of the proposed
antenna sensor in free space; and (b) variation in the resonant frequency of
the antenna as a function of applied masses.

B. Applied Mass Measurements

The sensing response of the proposed antenna was inves-
tigated both in free space and when mounted on the body.
To apply force to the antenna, small hexagonal masses were
cut out from Perspex (Fig. 4(a)). A scale with an accuracy of
+/-0.00005 g was used to measure the average mass, which
was found to be 15.06249 g. An 8 g spacer disc, cut from the
same material, was placed directly on the antenna to ensure
the connector was not damaged. With a total of 10 masses

and the spacer, the mass measurements varied between 8 g
and 158 g, corresponding to 0.078–1.550 N.

To account for dielectric loading, “proximity tests” were
performed, in which masses were placed on a perspex sheet
just above the patch antenna. This arrangement decoupled
the presence of the masses from the antenna’s force-sensing
mechanism. Although a minor frequency shift was observed,
the antenna’s overall force-sensing characteristics remained
intact. This method also ensured even pressure distribution
over the antenna’s surface, as a concentrated point force could
deform the antenna element and fail to represent the in-cast
application.

In the first experiment, the antenna was placed on a flat
surface, connected to a VNA, and subjected to varying masses,
as shown in Fig. 5(a). The resonant frequency of the antenna
was measured under these conditions. Fig. 5(b) shows the
frequency response of the antenna as a function of the applied
masses. It can be observed that the resonant frequency shifts to
a lower frequency band as the mass increases from 8 to 160 g.
To evaluate the accuracy of the shift in resonant frequency,
the measurements were repeated four times, showing highly
consistent frequency responses. The results show an initial
sharp change in resonant frequency, after which the response
levels off. This suggests the presence of an activation point,
beyond which the response to force becomes linear.

It can be observed that the resonant frequency begins to
saturate with higher mass loads. This behavior is due to the
sensor’s multi-layer construction (patch, microstrip, flexible
substrates, and ground) compressing under applied force,
reducing the dielectric thickness and shifting the resonant
frequency. Once the layers reach their mechanical compression
limit, however, additional mass no longer decreases the layer
spacing, causing the frequency response to plateau.

In the second experiment, the antenna was mounted on three
different parts of the body: (i) the arm, (ii) the hand, and
(iii) the palm, as shown in Fig. 4(a) and measured resonant
frequency against masses is presented in Fig. 4(d). It can
be observed that the resonant frequency varies as the masses
increase, as shown in Fig. 4(d). The measurements taken on
the palm exhibit a higher resonant frequency, which may be
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Fig. 6. (a) Measurement setup for remote interrogation in the lab, consisting
of a log periodic antenna positioned 5 cm away from the antenna sensor; and
(b) measured resonant frequency.

due to either physical damage to the antenna or to the concave
shape of the palm, which bends the feed line.

C. Remote Interrogation

1) In Lab Setup: Fig. 6(a) shows the experimental setup
for remote interrogation in the lab. The patch was connected to
port 1, and a log periodic interrogation antenna was connected
to port 2 of the VNA and was placed 5 cm away from the
patch. Fig. 6(b) gives the measured resonant frequency, indi-
cating no significant change in the resonance. This setup was
repeated multiple times, varying the interrogation distances
and using multiple identical antenna sensor prototypes. Each
time, no structural antenna mode was observed, contrary to the
results in [7], which show a very clear antenna mode when
the antenna sensor is interrogated. Furthermore, no change in
the S11 parameter was observed when applying masses to the
antenna sensor, even with increased VNA resolution. Although
the remote interrogation in the lab was not successful, this
outcome is not entirely surprising. The antenna mode is likely
very small compared to other metallic objects in the vicinity,
and despite clearing the area around the antenna as much
as possible, the laboratory environment inevitably introduced
reflections and interference. Additionally, an aluminum plate
was added to the setup, as explained in [7], and the resonant
frequency was measured again. Although the addition of the
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Fig. 7. (a) Measurement setup for remote interrogation in the anechoic
chamber; and (b) measured S11 of the interrogation horn at 17 cm, showing
a change in frequency response when the antenna sensor is present.

aluminium altered the reflection coefficient of the interrogation
antenna, no significant change was observed when the antenna
sensor was present.

2) In Anechoic Chamber: The remote powering measure-
ments were performed in the anechoic chamber using a high-
gain horn antenna, as shown in Fig. 7(a) at an interrogation
distance of 17 cm. The reflection coefficient of the horn was
measured from 2 to 4GHz with just absorbers in front of it, an
aluminium plate and finally with both the plate and the antenna
sensor in front of it. Fig. 7(b) shows that the S11 changes
when the antenna sensor is placed in front of the interrogator.
Although not as dramatic, an antenna-sensor mode seems to
appear at about 2.6GHz. This antenna mode is characterized
by a broader bandwidth than the other peaks and a clear shift
in resonant frequency when masses are applied. Furthermore,
Fig. 8 shows the frequency shift detected by the interrogation
horn antenna when masses were applied, with the resonant
frequency decreasing at a rate of 20.40 MHz/N.

IV. CONCLUSION

A 2.98 GHz proximity-fed meandered patch antenna was
constructed from layers of polyester felt and conductive cop-
per fabric. Measured results show that the frequency of the
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Fig. 8. (a) Frequency shift detected by the interrogation horn antenna; and
(b) frequency shift when masses are applied to the antenna sensor.

proposed antenna sensor decreases as a function of the force
applied perpendicular to the patch, at a rate of 40.77 MHz/N.
Anechoic chamber tests were used to determine the three-
dimensional gain profile of the antenna sensor, with a mea-
sured main-lobe gain of -3.3 dBi. Although the measured S11

and maximum gain are relatively modest, our principal goal
is to demonstrate force-sensing rather than optimize far-field

performance. The multilayer textile design and proximity to
the body naturally limit the antenna’s gain, but do not com-
promise the sensor’s ability to detect applied forces. Remote
interrogation of the sensor was demonstrated at a distance of
17 cm and the antenna sensor mode seems to appear at about
2.6 GHz. This proposed sensor structure can be placed on
an arm, positioned between the skin and a wearable medical
fitting such as a cast, splint, or prosthetic. With its battery-
free, wireless, and flexible design, the antenna sensor can stay
in place throughout the healing process to monitor changes
experienced by the recovering arm.
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