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ABSTRACT This paper introduces a dual band-pass and dual band-stop filter that is designed along its
flexible back-end circuitry to sense and monitor muscle contractions. The filter and its back-end circuit are
proposed to be wearable, flexible, and stretchable. The presented design is composed of several logarithmi-
cally scaled spiral-shaped defected ground structures (DGS) located along the ground plane of a co-planar
waveguide transmission line. In addition, U-shaped slots are integrated within the transmission line to
maintain the sensing operation of the filter when its structure is stretched. The entire structure is fabricated on
a multi-part flexible Polyethylene Terephthalate (PET) substrate and its stretchable configuration is enabled
through the integration of a Room-Temperature-Vulcanizing (RTV) silicon substrate. Such stretchable ability
is obtained through the movement of the multiple parts that compose the filter and is exhibited by the tuning
of its band-pass and band-stop frequencies of operation between 1 GHz and 4 GHz. Correspondingly, the
stretchable ability of the filter is also indicated by the change in magnitudes of its reflection and transmission
coefficients. As a result, for the band-pass operation, the insertion loss of the flexible wearable filter, placed
above the human arm, at the first frequency (1.39 GHz) is —1.95 dB with a tuning range of 590 MHz, and
at the second frequency (2.68 GHz) —1.94 dB with a tuning range of 330 MHz. The change in the response
of the presented system is proportional to the intensity of the muscle contraction. To capture this change,
a custom-designed integrated flexible back-end circuit interrogates the sensor, collects the magnitudes of
the reflection and transmission coefficients, and outputs corresponding voltages. As a result, monitoring
the output voltage of the back-end circuit indicates the muscle contraction level, which is sensed from the
stretching movement of the filter’s structure. The back-end circuit and the sensor are fabricated and tested
over multiple measurement cycles where the ability of the sensor to track muscle contraction is demonstrated.

INDEX TERMS Muscle contraction monitoring, multiband filter, flexible sensor, back-end flexible circuit.

I. INTRODUCTION

The emergence of wearable technology necessitated the de-
sign of stretchable sensing circuits that are conformal to the
human body. These sensors must be flexible, and able to adjust
their operation to evaluate a certain mechanism or a certain
biomarker. For example, flexible wearable antennas and filters
have been proposed for non-invasive glucose monitoring as
discussed in [1], and [2]. Electromagnetic band-gap (EBG)
and soft polymer metamaterial resonators are proposed in [3]

for brain stroke diagnosis and electromagnetic head imaging.
Additional wearable implementations for medical diagnos-
tics [4], epidermal sensing for human skin monitoring [5],
vital sign detection [6], heartbeat, respiration, breast cancer,
and many other implementations [7], [8] leverage flexible
antennas, filters, and resonators to accomplish their sensing
functionalities.

Different techniques are proposed in the literature for mus-
cle strength monitoring and evaluation. For example, in [9]
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and [10] surface Electromyography (sSEMG) is used to detect
the contraction intensity of a muscle where the electrodes are
either invasive or non-invasive. Invasive electrodes cause dis-
comfort and pain for the users; on the other hand, non-invasive
ones eliminate such discomfort while being restricted to low-
frequency operation. However, in both cases, these electrodes
must be connected through wires to the reading system, which
limits the mobility of the users. Another approach is to use
capacitive [11], [12] or resistive-based [13], [14] sensors by
integrating flexible and stretchable materials. These sensors
operate by monitoring the change in the capacitance or resis-
tance when a certain pressure or strain is applied to the sensor.
However, such sensors cannot be integrated with a multi-
feature approach which makes them less sensitive to changes
in the capacitance or resistance. Using Faraday’s law of in-
duction for muscle atrophy monitoring is investigated in [15].
The approach is based on evaluating the change in the area of
a coil in a transmitter/receiver system to monitor the changes
in a limb’s muscle tissue size. It is also important to note that
several work in the literature discusses the use of band-pass
or band-stop filters for sensing applications [16], [17] where
a debate exists over which type of filters offers better sensing
accuracy. To that extent, in our proposed design we combine
both band-stop and band-pass operation in a single sensor to
maximize the accurate and sensitive estimation of the intensity
of muscle contraction. More specifically, our proposed design
is stretchable and composed of multiple parts that are built on
a flexible PET material. All these parts are assembled together
using RTV silicon that provides a bio-compatible layer, which
is perfectly elastic and immune to the hysteresis effect. This
layer exhibits Young’s modulus of £ = 25 MPa and Poisson’s
ratio p = 0.48. Such integration allows the various parts to
move when stretched, causing a frequency shift in the corre-
sponding operating frequencies.

The presented work, briefly discussed in [18], features mul-
tiple novelty aspects. First, the proposed filter exhibits dual
band-pass as well as dual band-stop filtering mechanisms.
This equips it with more sensing features and allows for a
more rigorous data analysis, which results in better sensing
accuracy as well as a higher fidelity to the changes in muscle
strengths. Another novel aspect lies in the sensor’s flexible de-
sign enabling its stretchable topology to conform to the shape
and movement of the human arm. Hence, providing ease
and comfort that is lacking from existing circuit-based sen-
sors. Moreover, the ability to convert the frequency response
into readable dc voltage levels by leveraging a customized
back-end circuitry that is dedicated to this front-end sensing
filter is another major novelty factor that must be taken into
consideration. This back-end circuit identifies the frequencies
corresponding to the magnitudes minima of the reflection
and transmission coefficients of the sensor. The shift in fre-
quencies corresponding to these minima is translated into
distinctive voltages which are collected and correlated with
muscle contraction levels.It is important to note that the back-
end circuit and the snesor are directly integrated together
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FIGURE 1. (a) The proposed topology for the stretchable filter, (b) The
corresponding wearable flexible filter above a human arm.
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without the need for a wired connection, which maximizes
comfort and wearable ease.

The rest of the paper is divided as follows: Section II
presents the design of the stretchable RF filter sensor and the
transition into a wearable flexible topology. This section also
includes the design of the flexible back-end circuit topology.
Section III details the measurement of the various presented
prototypes. Concluding remarks are drawn in the last section.

1. PROPOSED RF FILTER TOPOLOGY AND THE BACK END
CIRCUITRY

In this section, we initiate our analysis by introducing a planar
stretchable filter, which is then modified to serve its role as a
wearable flexible sensor. The filter’s response is extracted into
readable values through the integration of a flexible wearable
back-end circuit.

A. PLANAR STRETCHABLE RF FILTER SENSOR

A planar stretchable filter is designed at first to test the abil-
ity of the proposed structure to change its response based
on an applied external force. The corresponding topology is
depicted in Fig. 1(a). The first step in the design process
introduces a 50 Q2 Coplanar Waveguide (CPW) transmission
line on a two-layer substrate with total dimensions of 74 x 40
x 2.31 mm?>. The bottom substrate layer is a stretchable RTV
silicon material with a thickness of 1.5 mm, a permittivity of
3.3, and a loss tangent of 0.018 [4]. The upper substrate layer
is RO4003 C with a thickness of 0.81 mm, a permittivity of
3.38, and a loss tangent of 0.0021. On top of the RO4003 C,
a copper conductive layer is incorporated where a 50 2 CPW
feeding line is designed with a width of Wcpw = 7 mm and
separated by a gap of Gecpw = 0.4 mm from each side of the
ground plane.

The second step in the design process is to incorporate the
inner Spiral Defect Ground Structure (DGS) named “Inner
DGS1” and “Inner DGS2” within the ground plane of the
CPW transmission line as shown in Fig. 1(a). The DGS traps
the energy passing from the input port to the output port re-
sulting in a band-stop filter response. The frequency at which
the energy is trapped depends on the size of the DGS [19].
The third step in the design process is based on incorporating
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FIGURE 2. (a) Surface current distribution at 1.67 GHz and at (b) 2.27 GHz.
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FIGURE 3. The different parts that compose (a) the two outer DGSs, (b) the
two inner DGSs, (c) The U-slot along the feeding line, (d) The
corresponding physical dimensions for each part.

two additional spiral DGSs named “Outer DGS1” and “Outer
DGS?2” within the ground plane of the CPW transmission as
also shown in Fig. 1(a). The two outer DGSs are logarithmi-
cally scaled with respect to the inner spiral DGSs by a factor
of 16, which enables a second band-stop frequency response.
The band-stop operation as a result of the four DGSs is clearly
highlighted by the surface current distribution displayed in
Fig. 2. The fourth step of the design process focused on
enabling the stretching potential of the structure. Hence, two
horizontal slots with a width equal to Gy = 0.35 mm were
etched along the entire ground plane from each side of the
CPW transmission line. These two slots, named "horizontal
slots 1 and 2” in Fig. 1(a), are aligned along the center of
the various integrated DGSs. The two horizontal slots along
with the four integrated DGSs are designed to generate two
band-stop frequency bands, while enabling a band-pass fre-
quency operation between the two band-stop frequencies, in
addition to facilitating the stretching mechanism. The fifth
step incorporates two symmetric U-Slot capacitors of width
equal to Geap = 0.25 mm, which are etched exactly along the
feeding line. These two slots, highlighted in Fig. 1(a) lead to
a second band-pass frequency operation.

The various parts that compose the stretchable sensor are
shown in Fig. 3, where Fig. 3(a) highlights one of the two
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FIGURE 4. Parametric study of the critical parameters of the filter, (a) the
total lengths of the two outer and inner DGSs, (b) The widths of the gaps in
the horizontal slots and the U-Slot capacitors.

outer DGSs, Fig. 3(b) shows one of the two inner DGSs, and
Fig. 3(c) displays one of the two U-shaped slots along the
CPW feeding line. The corresponding physical dimensions for
each part of the entire structure are summarized in Fig. 3(d).
A parametric study was performed on the most critical pa-
rameters of the filter, which include: the sizes of the inner and
outer spiral DGSs, the widths of the gaps in the two horizontal
slots and, the widths of the gaps in the two U-Slot capacitors.
At first we identified the total length of the outer DGS to
be “Louter” Which is equal to (a+ b+ (c+c+d +e) x 2))
in Fig. 3(a), and the total length of the inner spiral DGS to
“Linner” Which is equal to (@’ + b + (¢' + ¢ +d' + ¢€') x 2))
in Fig. 3(b). Shorter lengths of “Liyne” and “Loyeey” result
in higher frequencies of operation for the two band-stop fre-
quencies as well as for the in-between band-pass frequency
of the filter as shown in Fig. 4(a). As a result, to ensure our
optimal performance at the desired frequencies of operation,
we identified the best combination for “Liyne;” and “Loyer”
to be equal to 51 mm and 73.63 mm, respectively. For these
chosen lengths, we then varied the widths of the gaps of the
two horizontal slots in the ground plane “Gygo¢” and the widths
of the gaps in the two U-Slot capacitors within the feeding line
“Geap” which influence the band-pass and band-stop operation
of the filter. Wider horizontal gaps in the ground plane and
the top layer of the filter result in higher resonant frequen-
cies. These horizontal gaps greatly affect the sensitivity of the
sensor to strain measurements as shown in Fig. 4(b). In our
design, we opted for the Ggjor = 0.35 mm, Gcyp = 0.25 mm
as a trade-off between sensitivity and fabrication constraints.
The filter designed according to the selected dimensions,
shown in Fig. 3(d) result in a dual band-stop operation at
1.67 and 2.27 GHz as well as a dual band-pass response at
1.2 and 1.95 GHz, respectively. It is important to note that for
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sensing applications a narrow bandwidth is always adopted
for a maximized sensitivity.

Adapting this topology to wearable apparel necessitates the
re-design of this sensor on a flexible substrate. This results in
a flexible wearable structure which will be discussed in the
next section. Such a structure is tailored to monitor muscle
contraction.

B. FLEXIBLE WEARABLE RF FILTER SENSOR

Measuring muscle contraction and evaluating muscle strength
requires the integration of a flexible wearable filter as a sensor
that conforms to the human body and moves along its muscle
contractions. As a result, the topology of the filter presented
previously is modified to be wearable and flexible while main-
taining its stretchable feature.

The ability of the sensor to be flexible and conformal to the
human body necessitates an appropriate selection of a suit-
able substrate. Multiple substrate options can be considered,
however, polyethylene terephthalate (PET) and denim come to
mind as the front runners. Looking into denim as a potential
flexible substrate candidate necessitates resorting to sewing
conductive filaments to realize the filter topology. However,
sewing of the conductive filament (e-textile filament) causes a
resolution problem in the various gaps of the filter topology.
This is because the maximum attained resolution would be
0.5 mm according to [20], whereas the required gap width for
the slots are Ggop = 0.35 mm, Geap = 0.25 mm. Thus, the
needed resolution cannot be attained to achieve the detection
sensitivity for small gap variations. Furthermore, from a me-
chanical perspective, contrary to PET, denim is a non-uniform
substrate composed of fibers, thus it has different mechan-
ical properties in different directions. The internal fibrous
structure of denim might induce non-uniform gaps which in
turn complicates the sensor model and gap analysis. In other
words, using denim does not map the gap dimensions to the
loading value or direction [15]. Hence, we opted to rely on
PET as the substrate of our design. In fact, our sensor is
designed on a two-layer substrate which is the silicone RTV
as a stretchable element and PET as a flexible substrate. These
two substrates have close permittivity values which makes the
modeling of the sensor during the design stage easier than
using the silicone RTV in combination with the denim flexible
substrate. This is because the permittivity values of these two
materials are far from each other, where the permittivity of
denim ranges from 1.4 to 1.8 and the permittivity of silicone
RTV is 3.3. The corresponding topology of the flexible wear-
able filter is detailed in Fig. 1(b) above a model of a human
arm. To achieve the required functionality, the PET substrate
used in the design exhibits a thickness of 0.136 mm, a permit-
tivity of 2.99, and a loss tangent of 5.79 x 10~ 3. Moreover the
integrated silicon RTV layer at the bottom of the sensor serves
to collectively group the different parts that compose the filter.
At the same time, a second RTV silicon layer is added to the
top of the structure. This second silicon layer enhances the
structure’s robustness and its flexibility to varying dimensions
of a human arm. Accordingly, the proposed flexible filter has
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been transformed into a sensor that is conformal with mus-
cle curvatures, and its stretching flexibility is ensured by the
integration of the two RTV silicon sheets.

The design of the flexible filter to fit over a human arm
necessitates evaluating the loading of the flexible filter with
a four-layer human arm [21]. The various layers in the arm
model represent the bone, muscle, fat, and skin as depicted in
Fig. 1(b). In addition, each layer has a certain thickness with
specific electrical properties in terms of dielectric constant and
loss tangent [22]. The entire sensor is also separated from
the human arm by an offset of 1.8 mm to ensure optimal
performance. All the new dimensions of the various parts that
compose the sensor are included in the table in Fig. 3(d). For
example, the width of the CPW feeding line Wcpw is now
3.3 mm while the gap between the feeding line and the ground
plane is Gepw = 0.55 mm in order to ensure a characteristic
impedance of 50 2 at both ports when the filter is loaded with
the human arm model. Furthermore, the CPW transmission
line is tapered at its input and output with a tapering width
Wipr = 1 mm and a tapering gap Gy, = 0.1 mm. These addi-
tional tapered segments are essential to enable the integration
of the SCT048-SMA connectors [23] that are attached to the
two ports of the sensor. All the new dimensions of the DGSs,
the horizontal slots, and the U-slot capacitors are re-designed
to ensure an appropriate response over a PET substrate with
the integration of two RTV silicon sheets. These new dimen-
sions preserve the operational mechanism of the filter as a
dual band-stop behavior at 2.22 GHz and 3.25 GHz, as well
as a dual band-pass behavior at 1.43 GHz and 2.67 GHz,
respectively.

An additional parameter that was taken into account when
re-designing the filter is Specific Absorption Rate (SAR),
whose values must lie within the acceptable range as defined
by the Federal Communications Commission (FCC) [24].
When placed above a cylindrical arm model, the proposed
flexible sensor produces a SAR of: 1.457 W/Kg on the skin
layer, 0.307 W/Kg on the fat layer, 0.161 W/Kg on the mus-
cle layer, and 0.014 W/Kg on the bone level. On the other
hand, when placed above a flat rectangular arm model, the
proposed sensor produces a SAR of: 1.532 W/Kg on the skin
layer, 0.16 W/Kg on the fat layer, 0.351 W/Kg on the muscle
layer, and 0.024 W/Kg on the bone level. Hence, regardless
of the geometrical model of the arm, the proposed sensor’s
SAR values are all within the acceptable range. All the SAR
values are obtained by simulating the entire system in both
arm models using Ansys High-Frequency Structure Simulator
(HESS) [25].

C. STRETCHING MECHANISM

Both proposed filters are composed of three main parts as
presented in Fig. 5(a). These parts are labeled as an upper
W-Part, a bottom W-Part, and an H-Part. All these parts are
assembled together by attaching them to the silicon RTV layer
that resides at the bottom of the sensor for the stretchable
design and in the bottom and top layers for the flexible wear-
able structure. The assembly of the different parts of the filter
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H-Part

FIGURE 5. (a) The different parts of the proposed filter, (b) Stretching
mechanism of the entire filter.

takes into account that before the stretching mechanism, the
two U-shaped slots are separated from the main CPW feeding
line by a specific distance G, while the two horizontal slots
have a width of Gy, as depicted in Fig. 5(b). Accordingly,
when the filter is stretched in a horizontal direction by a
total displacement equal to “offset” in mm, the two W-Parts
move away from each other in a horizontal movement, with
an increasing amount of the gap separation, which is equal to
“offset” in mm within the ground planes and “offset/2” in mm
within the feeding line, as depicted in Fig. 5(b). The change
in the separation between the various parts of the stretchable
sensor allows a variation in the capacitance of both the inner
and outer DGSs in addition to the corresponding capacitance
of the two U-shaped slots. Such change entails a variation in
the filter’s band-stop as well as band-pass frequencies. Ac-
cordingly, the shift in the filter’s reflection and transmission
coefficients can be correlated to the intensity of the applied
tension which in turn is related to the value of the induced
displacement (i.e., “offset”) between its various parts.

To accurately monitor the amount of the induced displace-
ment in the stretchable design, a mechanical fixture is added
to the structure as presented in Fig. 5(b). The purpose of this
fixture is to enable the measurement of the proposed filter at
different displacement positions which correspond to different
stretching states. More specifically, three different values for
“offset” are considered. These values correspond to 0.5 mm,
1 mm, and 1.5 mm respectively. To design the presented
mechanical fixture, the rigid substrate is extended beyond the
copper conductor to the right and left of the W-Parts by a
distance equal to 10 mm, then four oval-shaped holes are
drilled in the extended areas.

The operation mechanism of the wearable flexible sensor
follows the same working principle as the stretchable de-
sign. The change in the response is obtained by varying the
bending positions of the human arm which in turn entails a
change in the separation gap between the various parts that
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compose the flexible design. However, the integration of the
RTV silicon layer on top of the structure eliminates the need
for mechanical fixtures which were originally implemented in
the stretchable design.

D. FLEXIBLE BACK-END CIRCUIT

A flexible back-end circuit is designed to interrogate the filter
and extract its results. Hence, a flexible circuit is designed
to measure the magnitude of the transmission and reflection
coefficients of the sensor. This circuit analyzes and correlates
the changes in the sensor’s reflection coefficient (i.e., |Si1])
and transmission coefficient (i.e., |S21|) magnitudes. More
specifically, the change in the reflection coefficient response is
monitored to detect the variation in the band-pass frequencies
while the transmission coefficient accounts for the change in
the band-stop response. Such change in the sensor’s band-pass
and band-stop frequencies enables quantifying the intensity
of the muscular contraction. The muscle movements result in
a shift in the minima of |Sy;| and | S| of the sensor. Ac-
cordingly, the operating frequencies for each state of muscular
contraction can be determined by allocating the location of the
frequency coordinate of the minimum magnitude of |S;;| and
|S21]. Consequently, these frequencies can be correlated to the
specific intensity of muscle contraction.

The block diagram of the proposed back-end circuit is pre-
sented in Fig. 6. The circuit is composed of three main blocks:
a frequency synthesizer, a harmonic suppression block, and
a detection block. The frequency synthesizer provides the
sensor with an excitation signal spanning from 500 MHz
to 4 GHz. Since the frequency synthesizer is a nonlinear
device, it generates harmonic signals in addition to the ex-
citation signal supplied to the sensor. This can distort the
output dc voltages that are read from the back-end circuit, and
in return, this can distort the muscular contraction intensity
value associated with it. Therefore, a harmonic suppression
block is incorporated. More specifically, this block consists of
two Single-Pole Four-Throw (SP4T) switches [26] and three
low-pass filters (LPF) with cut-off frequencies equal to 915
MHz [27], 1920 MHz [28], and 3700 MHz [29], respectively.
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This block divides the entire frequency range into three sub-
ranges according to the cut-off frequencies of the low-pass
filters (LPFs): the first LPF divides the frequency range from
500 MHz to 915 MHz, the second LPF divides the frequency
range from 915 MHz to 1920 MHz, and the third LPF divides
the frequency range from 1920 MHz to 3700 MHz. By segre-
gating the entire frequency range into these three sub-ranges
and by selecting only one of them to operate at a time using
the SP4T switches, no harmonics are delivered to the sensor
from the deployed frequency synthesizer.

The reflection and transmission coefficients from the filter
are separated and detected by the detection block [30], [31].
This block is composed of a directional coupler [32] to sepa-
rate the forward and reverse path of the signal passing through
the sensor, and two power detectors [33] to enable the detec-
tion of the power level of the reflected signal (i.e., Pouc_s11)
and transmitted signal (i.e., Poy_s21). These two power levels
are calculated using (1) and (2). More specifically, P, in
dBm, is the input power of the excitation signal, /Lpc, in
dB, is the insertion loss of the directional coupler, S11_sensors
in dB, is the magnitude of the reflection coefficient of the
filter, Cpc, in dB, is the coupling coefficient of the directional
coupler, $21_sensor» 1n dB, is the magnitude of the transmission
coefficient of the filter.

Pout7511 =Pn— ILDC - Sllfsensor - CDC (1)
Pout_SZl = Pin - ILDC - SZl_sensor (2)

1Il. FABRICATION OF FILTERS AND BACK-END CIRCUIT
ALONG WITH THEIR MEASUREMENT RESULTS

In this section, the fabrication and measurement of the filters
are presented. The measurements of the wearable flexible
system are performed on 30 different volunteers to validate its
ability to monitor muscle contraction under different human
arm dimensions. Finally, the implementation of the proposed
back-end flexible circuit to translate the response of the flexi-
ble filter into voltage readings is detailed.

A. FILTER FABRICATION AND TESTING

Before testing the wearable filter, it is important to verify
that the stretchable filter is capable of measuring various
traction forces. At first, we start by detailing the fabrication
and assembly process. In fact, the various parts that compose
the stretchable filter are fabricated separately as depicted in
Fig. 7(a). In addition, two independent mechanical holders
with four holes of a diameter equal to 3.2 mm are designed
to be integrated above the assembled structure in order to
hold the structure at a specific displacement “offset”. These
two holders are also shown in Fig. 7(a). The fully assembled
prototype is presented in Fig. 7(b) for two different stretching
states. The various parts that compose the entire structure
are combined together on an RTV silicon sheet. The entire
structure is secured with Nylon M3 screws of a diameter equal
to 3 mm. To change the displacement for testing the filter at
another state, the screws are first undone, then the proposed
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FIGURE 7. (a) The different parts that compose the stretchable filter,

(b)The assembled filter with the integration of the silicon sheet in two
different stretching states.

TABLE 1 Band-Pass Frequencies of the Planar Stretchable RF Filter at
Different States

Frequency State O || State 1 State 2 || State 3
First Band 1.2 1.23 1.3 1.32
Second Band 1.95 2.02 2.07 2.09

filter is stretched to the required new displacement, and finally,
it is secured again by re-tightening the screws.

When a certain level of tensile force is applied to the
stretchable sensor, the various parts that compose its structure
move away from each other in line with the applied strain.
This leads to an increasing displacement between the two
W-parts as well as between the H-part and the main feeding
line. Therefore, to test the filter’s ability in strain and tension
sensing, the overall structure is stretched to various displace-
ments. First, the sensor is tested at its initial state (state 0)
with initial gaps equal to Gy, = 0.35 mm in the ground
planes and G4, = 0.25 mm in the feeding line. Then, the filter
is stretched to multiple displacements identified as “offset”
in mm. After stretching, the initial gaps in the ground planes
increase by “offset” and the initial gaps in the feeding line
increase by “offset/2”. For state 1, “offset” is 0.5 mm, then
1 mm for state 2 and finally 1.5 mm for state 3. A compari-
son between the simulated and measured |Sy;] (i.e., reflection
coefficient in dB) and | Sp;| (i.e., transmission coefficient in
dB) of the proposed stretchable filter at different stretching
states are shown in Fig. 8. An agreement is obtained between
both the simulated and measured data, thus validating the
proposed approach in reconfiguring the filter’s response due
to the induced displacement that maps to a certain level of
applied tension.

It is clear from the obtained results that when the displace-
ment increases, the band-pass and band-stop frequencies of
the filter shift gradually with respect to the stretching degree.
Table 1 presents the two measured band-pass frequencies at
each stretching state. The first frequency band increases from
1.2 GHz (State 0) to 1.23 GHz for 0.5 mm displacement (State
1), then from 1.23 GHz to 1.3 GHz for 1 mm displacement
(State 2), and finally from 1.3 GHz to 1.32 GHz for 1.5 mm
displacement (State 3). The second band-pass frequency band
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FIGURE 8. Comparison of the simulated and measured S-parameters
results at different stretching states of the stretchable filter prototype.

TABLE 2 Band-Stop Frequencies of the Planar Stretchable RF Filter at
Different States

Frequency State 0 || State 1 || State 2 || State 3
First Band 1.67 1.75 1.8 1.83
Second Band 2.27 2.33 2.39 24

increases from 1.95 GHz (State 0) to 2.02 GHz for 0.5 mm
displacement (State 1), then from 2.02 GHz to 2.07 GHz for
1 mm displacement (State 2), and finally from 2.07 GHz to
2.09 GHz for 1.5 mm displacement (State 3). Table 2 shows
the two measured band-stop operating frequencies at each
stretching state. The first band-stop operating frequency band
increases from 1.67 GHz (State 0) to 1.75 GHz for 0.5 mm
displacement (State 1), then from 1.75 GHz to 1.8 GHz for
1 mm displacement (State 2), and from 1.8 GHz to 1.83 GHz
for 1.5 mm displacement (State 3). On the other hand, the
second band-stop frequency band increases from 2.27 GHz
(State 0) to 2.33 GHz for 0.5 mm displacement (State 1), from
2.33 GHz to 2.39 GHz for 1 mm displacement (State 2), and
from 2.39 GHz to 2.4 GHz for 1.5 mm displacement (State 3).
These results validate the ability of the proposed prototype to
behave as a sensor that indicates any applied level of strain by
monitoring the shift in [Sy;| and | Sp1| over the four operating
bands, which are displayed within the reflection and transmis-
sion coefficients. Since the ability of this embodiment of the
sensor is proven, now we can verify the ability of the wearable
and flexible filter to indicate muscle contraction levels.
Fabricating the flexible and wearable filter must debut with
the fabrication of its different parts. These parts, shown in

VOLUME 4, NO. 2, APRIL 2024

S11 Back-end Circuit

Frequency Synthesizer

(©
S21 Back-end Circuit

’ @
®) w

FIGURE 9. (a) The different parts that compose the flexible filter, (b) The
assembled flexible filter prototype, (c) The flexible filter on top of a human
arm, (d) The different states of the filter over the arm of a volunteer during
the testing phase.

Fig. 9(a), are then assembled together to form the final proto-
type displayed in Fig. 9(b) with a total dimension of 40 x 92
x 3.371 mm3. To enable its conformal operation, two silicon
RTYV sheets are integrated on the top and bottom layers of the
flexible PET-based substrate. The corresponding fabricated
prototype placed above a human arm is presented in Fig. 9(c).
To confirm the ability of the proposed wearable flexible filter
sensor to accurately sense and monitor muscle contractions,
the fabricated prototype is tested according to the measure-
ment setup summarized in Fig. 9(d). More specifically, the
setup is based on placing the flexible filter sensor on the bicep
of a volunteer, then the volunteer is asked to bend the arm over
four different angles, state 1: 0°, state 2: 30°, state 3: 60°, and
state 4: 90° with respect to the floor. When the angle of the
arm with the horizontal axis increases, the bending radius of
the bicep increases due to a change in the flexing angle, which
forces the two W-parts of the sensor to move away from each
other accordingly. This leads to an increase in the horizontal
Gglor and U-slots gaps Geap, Which produces a shift in [Syy|
and | Spp| responses of the filter proportionally with the in-
tensity of the movement and hence the muscular contraction.
Thus, by monitoring the change in the operating frequen-
cies of the filter, the intensity of the muscular contraction is
evaluated.

Thirty volunteers of different ages, genders, fat distribution,
muscle content, and arm circumference participated in this
study. The volunteers were divided equally between males
and females and they all signed a consent form before par-
ticipating in this study. The measured shift in the band-pass
(i.e., |S11]) frequencies with respect to the flexing angle of
six different volunteers, are shown in Fig. 10(a) for the first
band-pass frequency and in Fig. 10(b) for the second band-
pass frequency. Also, Fig. 10(c) shows the filter’s response
from these volunteers for the first band-stop frequency while
Fig. 10(d) highlights the measured results for the second
band-stop frequency. It is clear from the presented data in
these four figures that when the flexing angle increases due
to muscle contraction, the corresponding frequencies shift
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FIGURE 10. The corresponding shift in the |S;;| and | S, | frequencies of
the flexible filter for different flexing angles of the first six volunteers: (a)
The first band-pass frequency, (b) The second band-pass frequency, (c) The
first band-stop frequency, (d) The second band-stop frequency.

proportionally with the intensity of the contraction of the
muscle. It is important to note that this filter is designed with
the human body taken into consideration from the simulation
stage. Hence, it is optimized to operate over a human arm,
whose dielectric properties may vary from user to user based
on different parameters. On the other hand, the main feature
this sensor monitors is the change in the magnitude of the
S-parameters for the different bending angles for each vol-
unteer. It may happen in rare cases that two volunteers exhibit
similar magnitudes for the same bending angles, a feature that
can be attributed to their respective body compositions. How-
ever, the main focus is always to monitor the change of the
magnitudes between different angles regardless of the body
type. In addition, it is important to note that throughout the
entire study and measurement results, the trend of variation of
the corresponding frequencies is the same with respect to the
change in the bending angle as highlighted in Fig. 10.

Furthermore, the sensor is resilient to mechanical defor-
mations because the used copper pads have a much higher
Young’s modulus [34] than the stretchable silicone substrate
which is elastic. Thus, the stretching and deflection will only
affect the horizontal gaps which are made of the perfectly
elastic silicone RTV. Once the sensor is finalized, repeatable
gaps and displacements are obtained because the silicone is
perfectly elastic. Any non-linearity in the frequency response
of the sensor due to gap dimensions can be captured and
compensated in the initial realization process.

B. FLEXIBLE BACK-END CIRCUIT

The proposed back-end circuit is fabricated in two parts. The
first part, shown in Fig. 11(a), includes the harmonic suppres-
sion and detection blocks to detect the power level of Poy si11,
and the second part, shown in Fig. 11(b), includes only a
power detector to detect the power level of Pyy s21.
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FIGURE 11. The fabricated back-end circuit on a flexible PET substrate to
detect (a) |Sq1| and (b) | Sz11-

TABLE 3 Voltage Measurements of the Reflection Coefficient of the Sensor
Using the Back-End Circuit at Different States

1st Band Freq. || State O || State 1 State 2 || State 3
1.5 0.284 0.288 0.303 0.328
23 0.286 0.285 0.312 0.334
24 0.298 0.287 0.296 0.337
2.5 0.293 0.293 0.291 0.331
2.6 0.32 0.294 0.295 0.328

2nd Band || 3 0.295 0.335 0.335 0.343
3.1 0.288 0.31 0.31 0.308
32 0.33 0.301 0.323 0.284
33 0.305 0.314 0.321 0.286
34 0.297 0.321 0.325 0.28
35 0.281 0.307 0.307 0.315

The bold values are the voltage levels.

TABLE 4 Voltage Measurements of the Transmission Coefficient of the
Sensor Using the Back-End Circuit at Different States

1st Band Freq. || State O || State 1 State 2 || State 3
2.5 0.4 0.403 0.49 0.361
2.65 0.539 0.337 0.49 0.859
275 0.562 0.398 0.381 0.357
2.8 0.534 0.433 0.577 0.359

2nd Band || 3.55 0.421 0.367 0.515 0.396
3.65 0.425 0.318 0.573 0.395
3.7 0.545 0.321 0.347 0.392
3.75 0.543 0.319 0.35 0.339

The bold values are the voltage levels.

To validate the performance of the entire system in detect-
ing the frequency shift in the |S11| and | Sp1], the two parts of
the back-end circuit are connected together to the two ports
of the flexible filter and placed on a volunteer’s arm as shown
in Fig. 9(c). The power detectors are biased appropriately by
connecting them to a 5 V power supply [33]. The activation of
the switches is done by connecting them to the same biasing
voltage to select the required LPF path for measurements.
The frequency of the excitation signal generated from the
frequency synthesizer is swept with a constant input power P
in of 10 dBm. For each discrete frequency, the output dc volt-
ages of the back-end circuit are recorded where the voltage
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TABLE 5 Table of Comparison Between Our Proposed Wearable Sensor and Other Wearable Sensors Present in the Literature

Paper Type of Material Flexible/Stretchable Frequency [GHz] Wearable Tunablity [MHz]/Band Device Type
[35] PDMS Stretchable 5.674 No 141 Antenna
[36] PDMS Stretchable 2.37 No 100 Antenna
[37] silicon Stretchable 9.61/10.28 No 0.03/0.01 Antenna
[38] Teflon Flexible 24 Yes 248 PIFA
[39] Teflon Flexible 2.4 Yes 400 PIFA and PLL
[40] Textile Stretchable 2.4 Yes 440 Antenna
[41] PDMS Stretchable 0.76 Yes 150 Antenna

Our Work Silicon RTV Stretchable and Flexible 1.43/2.22/2.67/3.25 Yes 210/530/330/490 Full System

TABLE 6 Table of Comparison Between Our Proposed Flexible Wearable Filter Sensor and Other Filter Sensors Present in the Literature

Paper Frequency [GHz] Insertion Loss [dB] Frequency Bands Material Wearable
[42] 2.45 -1.5 Single band RT/Duroid5880 Yes
[43] 2 -1.3 Wideband PDMS Yes
[44] 1.9 -2.8 Single band Rogers RO6010 No
[45] 1.5 -2.5 Wideband Rogers RO4003C No
[46] 1.75 -5 Single band Rogers RO4003 No

Our Work 1-4 -1.95 Multiband PET and RTV Yes

values are proportional to | S| and |S»;|. The recorded dc
voltage values of the performed measurements for one of the
thirty volunteers using the back-end circuit are summarized in
Tables 3 and 4.

Table 3 shows that the minimum dc voltage for the first
|S11| band resides at 1.5 GHz when the filter is at its initial
state (state 0). When the filter is stretched to state 1, the
minimum dc voltage value shifts to 2.3 GHz, then to 2.5 GHz
at state 3, and finally to 2.6 GHz for state 4. As for the second
| S11| band, the minimum dc voltage resides at 3.1 GHz when
the filter is at state O, shifts to 3.2 GHz at state 1, then 3.3 GHz
at state 3, and finally at state 4 the minimum dc voltage shifts
to 3.4 GHz. Similarly, Table 4 shows that the minimum dc
voltage for the first |Sy1| band resides at 2.5 GHz when the
filter is at state 0 and shifts to 2.8 GHz for state 4. As for
the second | Sp1| band, the first minimum dc voltage resides at
3.55 GHz and moves progressively to 3.65 GHz, then 3.7 GHz
until it reaches 3.75 GHz for the final state.

Consequently, when the filter is stretched due to arm con-
tractions, the minima of |S;;| and | S| where the minimum
dc voltage resides are shifted based on the intensity of mus-
cular contractions. Thus, by detecting the frequency where
the minimum voltage resides, the operating frequency can be
detected, which provides information about the intensity of
the muscular contraction. It is worth mentioning that the term
“minimum” here corresponds to the point where the slope of
|S11]and | Sp1| changes from decreasing to increasing, and the
code only takes into account the first two minima that occur
within a cycle, e.g. one sweep cycle of the exciting signal from
1 GHz to 4 GHz.
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The proposed filter was designed and fabricated with the
user’s comfort in mind. It is realized using flexible, stretch-
able, and lightweight material which provides conformity
when the filter is placed and bent on the arm of different
users. The back-end circuit is also designed using the same
lightweight flexible material. In addition, this back-end circuit
is directly connected to the sensor without the need for wires
connecting the sensor to a receiving end which can create
discomfort and be constraining for the user.

Table 5 shows a comparison between our work presented
herein and other work found in the literature. The existing
wearable and stretchable RF sensors operate by monitoring
the frequency shift over a single frequency band whereas
our work monitors the shift in the minimum of |S;;| and
| Sp1] across four operational frequencies. Such a mecha-
nism displays a higher sensitivity with more data points for
analysis when monitoring the muscle contraction. In addi-
tion, the presented work in this paper proposes a full system
with the corresponding flexible back-end circuitry that trans-
lates the shift in the band-pass and band-stop frequencies
into readable dc voltage levels. In addition, Table 6 compares
other band-pass filter sensors present in the literature with our
proposed filter sensor in terms of frequency, the number of
bands, the insertion loss, and whether it is wearable or not. It is
noted from Table 6 that most work in the literature focuses on
either a band-pass or band-stop operation, while our proposed
sensor integrates both. Furthermore, most of the work in the
literature presents either a single band or wideband operation
while our presented design features multi-band operation. The
function of our proposed filter as a wearable sensor thrives
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on the multi-band band-pass/band-stop operation to output
accurate muscle contraction evaluations with high sensitivity.

IV. CONCLUSION

A stretchable RF filter that is adapted to be flexible and wear-
able above a human arm for muscle contraction monitoring
is presented in this paper. The proposed filter is implemented
with a CPW topology complemented by etched DGSs and ca-
pacitors from the ground planes and feeding line respectively.
Measurements demonstrated the ability of the filter to sense
the intensity of the applied external force for the stretchable
filter and also the muscular contractions for the flexible topol-
ogy. In addition, a flexible back-end circuit that detects the
shift in the minimum magnitudes of the reflection and trans-
mission coefficients is designed, fabricated, and measured.
When placed over a contracting muscle, the proposed system
exhibits a change in its frequency response, which is then
translated into a voltage that is communicated and analyzed.
The flexible wearable system is tested on 30 volunteers with
different muscular strengths. It is important to note that the
proposed flexible wearable sensing system find applications
in many other implementations that vary from athlete’s muscle
fatigue prevention, muscle health monitoring for the elderly,
and rehabilitation after an injury, to assisting patients with
cognitive disorders, as well as monitoring the muscle health
of astronauts in long-lasting space missions.
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