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Abstract — A highly sensitive wireless passive radio frequency
strain transducer is designed and developed based on a patch
antenna loaded with an open loop. A novel idea of utilizing a
cantilever at the gap of the open loop significantly improves the
sensitivity of resonant frequency shifts. The ground plane allows
the sensitivity of the sensor to be independent from the applied
surface. A proof-of-concept prototype is fabricated and the
measurements successfully validate the operation principle.

Index Terms — strain stress sensor, RF transducer, wireless
passive sensing.

1. INTRODUCTION

Strain is a critical parameter in structural health monitoring
essential to many industries ranging from civil infrastructure,
mechanical equipments, to aerospace as well as various
medical applications. In civil structures, strain sensing is
needed for safety assurance of roads, bridges, and building
supports to avoid unexpected collapses [1]. In manufacturing
processes and constructions, strain sensing allows the
monitoring of vibration, excessive loading, and crack
developments to be detected early [2]. Strain sensing in
medical uses also include implantable sensors for bone, joint
healing processes, and bone fracture monitoring [3]. In
aerospace, strain is especially a sensitive parameter for
operations of aircrafts, including the conditions of wings and
blades, as well as fatigue of the aircraft body [4]. Strain is a
parameter indicating a physical deformation and mechanical
loading. Strain sensors have been widely developed utilizing
different techniques [5], among which the most common types
are resistive and capacitive gages which typically require
wiring, and/or complex circuits adding weight penalty [6] that
are especially highly undesirable for implementation on
aircraft wings or helicopter blades. Although some wireless
sensors have been reported [7 — 8], they usually include an
embedded microprocessor and a radio frequency module to be
integrated with the transducer which requires battery power to
operate, thus unsuitable for long term monitoring due to
limited lifetime and also more frequent maintenance and
replacement. Other sensing techniques such as optical fiber-
based are compact, light weight, remote sensing capable, but
expensive. Therefore, wireless passive strain sensors are
highly desirable which can address those mentioned problems.

The concept of Radio Frequency (RF) transducer has been
introduced recently through a number of works that address
many physical parameters such as pressure, temperature, and

also strain [9 — 14]. An RF transducer is a structure that can
transform a change of a physical parameter into a change in an
RF parameter such as resonant frequency shift, radiation
pattern, or a Radar Cross Section (RCS) level change that is
readily detectable by a remote system. Ideally, such sensors
should be the resonant radiators themselves to eliminate the
need for an additional antenna that is the major size factor in
these devices. Rectangular and circular patch antennas have
been utilized to accomplish those objectives [12 — 13]
operating based on frequency shifts, however their sensitivity
is limited. Another work based on split ring resonators was
employed to build a resonant scatterer sensitive to strain [14],
however it is highly dependable on the applied surface and
also has low sensitivity. In this paper, we introduce a new
design that is based on a patch antenna loaded with an open
loop that can achieve significantly higher sensitivity than
previous RF strain transducers.

II. DESIGN AND PRINCIPLES OF OPERATION

The new strain transducer design is shown in Fig. 1-2. In
this design, a rectangular patch is loaded with a stub on its
radiating edge. The stub in turn is connected to an open loop
whose resonant frequency depends on the open gap
capacitance. The resonant frequency of the open loop, which
is determined by the length of the loop, is designed to be close
to the dominant resonant frequency of the patch along x
direction (Fig. 2). As a result, the structure generates a dual
frequency response, in which the separation of the two
frequencies is strongly influenced by the capacitance located
on the open ring. That means the resonant peaks, especially
the one responsible by the open loop, are highly sensitive to
the capacitance value at the gap. The open loop here is
modified from a traditional open loop, which is the key idea
introduced in this work for sensitivity improvement.

Strain is measured by the deformation of a material volume
along the strain direction. It is denoted as | = L/L. The length
L, in the stretched direction is deformed into L as shown in
Eq. 1. Strain is unit less and usually measured in % or
microstrain (i ) which is 10° of L/L.

L=(+¢,)I, 0

Therefore, any resonant or antenna structure attempting to
transform this change directly into a detectable RF signal is
inherently limited as observed in the existing designs [12 —
14]. To solve this problem, we utilize a cantilever
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implemented on the open loop that is loaded on a patch
antenna instead of using the patch itself alone as in [12].

Fig. 1. 3D view of the new Strain sensor design.
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Fig.2. Top view of the new design of Strain sensor design and
zoom in view of the capacitance gap on the open ring.

This cantilever is shorted and fixed at one end of the open
loop, while the free end of the cantilever forms a parallel plate
capacitor with the other end of the open loop. Thus, the split
gap between the two ends of the traditional open ring (Fig. 3a)
is transformed into the separation gap of a parallel plate

capacitor (Fig. 4).

(a) Traditional open loop (b) Modified open loop

Fig.3. Top view of traditional and modified loop.
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Fig. 4. Cross section view of the cantilever implemented on the
modified loop loaded in the new strain sensor.

Therefore, as a certain k% strain is induced on the substrate
along x direction (Fig. 4), Lgap is increased by ALgap = k%
Lgap. Because the cantilever is fixed to the surface only at one
end, it is made free from this strain, thus its length, Lc, is
constant. Therefore the entire length deformation, ALgap is
transferred to the change in Lcap (Fig. 4). Effectively, the
capacitance is modified by (k% Lgap) instead of (k% Lcap),
where Lgap can be engineered to be significantly larger than
Lcap as shown in Fig. 2. The use of triangular tips at the loop
gap is to further increase the rate of change of the capacitance
with a given rate of change of Lcap.

III. SIMULATIONS

The transducer is designed to operate around 3GHz, on
Kapton substrate 100um thick with dielectric constant of 3.4.
In order to model the effects of 1% strain in RF simulations,
an increase of 1% in length is applied to each length along the
elongation (direction of applied force). These parameters
include Lp, Ls, and Lloop. As Lc is fixed and Lloop is
increased by 1%, consequently Lcap is decreased by 1% of
Lloop. Additionally, the substrate under strain also
experiences the Poisson’s effect, which essentially causes a
contraction in the direction transverse to the strain, thus
dimension Wpatch is effectively decreased. Poisson’s effect is
the ratio of this contraction to the extensions caused by strain.
The Poisson’s effect can be calculated as shown in Eq. 2, in
which w denotes the width of dimension that is transverse to
the strain direction, » is the Poisson’s ratio of the Kapton, | is
the applied strain. Other parameters including the Poisson’s
effect on the substrate thickness and the width of the open
loop are negligible to the RF response of the structure, thus are
not accounted for. In addition, the resonant frequency of the
open loop is found to be little influenced within a few percents
of its width, Wloop. Different models with different Lc values,
are simulated. Note that, while other values are the same in the
model for each Lc, including non-strain and under strain
conditions, different Lc values effectively yield different Lcap
values as illustrated in Fig. 5. S11 simulations results are
presented in Fig. 6 for each Lc values of 500 um, 750 um, and
10000 um, with each Lc value, both strain free and 1% strain
conditions are simulated using parameters given in Table 1.
Notice here the gap between the two parallel surfaces, the
lower face of the cantilever free end and the upper face of the
open loop end, is set to 10um. This parameter is highly critical
for the sensitivity of the strain transducer because it
determines the initial gap capacitance.

It is observed from |S11| results in Fig. 6 that each model
has a dual frequency response with two close resonant
frequencies. The sensitivity of the transducer depends on the
value of Lc, which determines the initial capacitance and rate
of change of the capacitance as Lcap is decreased. Here, the
highest sensitivity that can be achieved is found to be Lc of
9750 um, which induces a frequency shift of 125 MHz at 2.72
GHz, or 4.6% frequency shift per 1% strain. This sensitivity is
more than 4 times the sensitivity achieved by rectangular and
circular patch antennas previously proposed [12 — 13], which
rely only on the change in dimensions of the patches and
achieved a sensitivity of only 0.9 — 1.0% frequency shift per
1% strain. It is observed that as the strain is applied, the
resonant frequencies are increased which indicates that the
capacitance is decreased, thus validating the principle
illustrated in Sect. II. Such responses are consistent in all three
simulated models (Fig.6).

w=(l-v,e; )w
peL/MO0 2)
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TABLE I
Summary of Simulation Parameters

Dimensions (um) No strain | Strain 1%
Lpatch (Fig. 2) 26000 26260
Whpatch (Fig. 2) 25000 24925
Ls (Fig. 2) 2000 2020
Lloop (Fig. 2) 13000 13130
Wloop (Fig. 2) 5000 5000

¢ (width of stub and loop) 1000 1000
hsub (substrate thickness) 100 100
hcap (gap between the cantilever and loop) 10 10

Lcap = 500 um Lcap = 750 um Leap = 1000 um =¢

Y juﬂ L jﬁ;:%h

Lc = 9500 um Lc=9750 um Lc= 10000 um

Fig.5. Different configurations of the tip capacitance as different
Lc values, the length of the cantilever, are implemented.
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Fig. 6.  Different configurations of the tip capacitance as different
Lc values are implemented. The solid lines represent non-strain
conditions, and the slash lines represent 1% strain conditions.

IV. PROTOTYPES AND MEASUREMENTS

To obtain a rapid fabrication of the transducer in order to
validate the newly introduced principle of operation, a
prototype of the RF strain transducer as designed in Sect. III is
fabricated with a commercial rapid prototyping company. The
first portion of the circuit was fabricated on Kapton 100um
thick without the cantilever (Fig. 7a). The cantilever is
fabricated on a separate substrate of Kapton 50um thick (Fig.
7b). Then the cantilever is manually assembled onto the large
circuit in LAAS. In the first portion of the circuit (Fig. 7a), the
surface at the tip is cleaned and applied a small amount of
transparent adhesive glue spread as thin as possible to create a
10-15um insulating layer, however not well controlled. As this
glue layer is dry, the cantilever on Kapton 50um is soldered to
the other end of the open loop (Fig. 8) with the copper layer
faced down. Then to ensure the cantilever tip copper face is in

contact with the glue layer in normal direction but freely to
move in elongation direction, a buffer Kapton 127 um is
placed on top of the cantilever and pressed down by Scotch
tape. In this configuration, as the open loop is stretched, the
cantilever can still move freely as the solder end of the
cantilever pulls on it. This assembling configuration is
illustrated in Fig. 8.

(b}
Fig. 7 Two different fabricated portions of the prototype.
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Fig 8. The assembled prototype and measurement setup.

The measurement set up is shown in Fig. 8 in which the
strain is increased as the load is added. Measurements of the
strain transducer are shown in Figs. 9 -11. Notice that the load
is added with irregular intervals due to limited availability of
load. Because of such manual process, it is difficult to
accurately control the initial gap capacitance of the circuit
since the actually Lcap can be easily varied between 750 -
1000 um (Fig. 5). Therefore, it is difficult to tune the circuit’s
response to the highest sensitivity operation point (Fig. 6). The
resulting strain resulted from such setup can be estimated
according to Eq. 3 [12], where P is the load, E is the Young’s
modulus of Kapton, t is the thickness of Kapton, and W is the
total width of the Kapton substrate which is 150 mm.

g = _r 100 %

EtW (3)

Observed in Fig. 9, the two resonant frequencies recorded
without any load are 2.9 GHz and 3.4 GHz, which is an
excellent agreement with the simulation results (see blue curve
in Fig. 6 corresponding to Lc = 9500um). In Fig. 11, a shift of
24 MHz is observed, from 2.914 GHz with no load to 2.938
GHz with 22.5 kg of load, corresponding to 0.645% strain.
Equivalently, it is 1.26% frequency shift per 1% strain. The
plot of percentage of frequency shift versus percentage of
applied strain is shown in Fig. 11 which indicates an excellent
linear response for this strain transducer prototype within this
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range of strain. Although the prototype is not operating at the
most sensitive frequency point as indicated by the black curve
in Fig 6., these measurements have successfully validated the
novel design and the new principle introduced in this work.
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Fig.9. Measurements of [S11| of the fabricated prototype
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Fig. 10. Measurements of |S11| around 2.9 GHz of the fabricated
prototype subjected to different weights.
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Fig. 11. Plot of % frequency shift versus % strain applied.

IV. CONCLUSIONS

A highly sensitive wireless and passive RF strain sensor
design is introduced with a novel principle of operation which
is successfully validated through experiments. This new idea
also enables a new dimension of engineered sensitivity in this
type of strain sensing which previously was limited to the
linear scale of the changes in the dimensions of the structures.
The sensitivity of the proposed design is independent from the
material of the applied surface. As an example for a specific
passive implementation, the sensor can be interrogated by a
radar to monitor its RCS level change as an indicator of strain.
In the current design operating at 2.7 — 3 GHz, the sensor can

achieve a sensitivity of more than 4 times higher than the
existing sensors in the same class. However, in experiments,
the currently available prototype achieved a sensitivity of
1.26% frequency shift per 1% strain. Due to limited
fabrication capability and rapid assembling, the prototype
cannot be built to function at the best operating frequency
point, therefore the sensitivity achieved in the current
prototype is limited. However, with the well advanced MEMS
technology and the simplicity of the design, low cost
manufacturing approach of this design can be readily
obtained, which is the next step of this work. The sensor can
also be easily scaled to operate at millimeter-wave frequencies
for higher resolution of strain sensing, or adapted to
biomedical applications at lower frequencies.
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