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Abstract—To avoid the bearing stress on the monolithic
patch antenna sensor for material deformation sensing, the
unstressed patch antenna sensor using multiple patch com-
ponents has been proposed for easy deployment. A typical
unstressed sensor utilizes the relative position between a
shorted subpatch and a radiation patch as the deformation-
sensing unit. However, the electrical contact condition
between two patches and copper rusting will affect the per-
formance and reliability of the unstressed sensor during
practical application. In this article, the authors alleviate this
effect by applying conductive grease between the shorted
subpatch and the radiation patch. The equivalent circuit of
an unstressed sensor with a shorted subpatch is established
first. The different electrical contact conditions are regarded
as different capacitors and resistances in this model. Both
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simulations and experiments are conducted to investigate the effect of different contact conditions on the sensitivity of
the sensor. Furthermore, the authors conducted experiments on patch antenna sensor with a copper-coated surface that
had experienced rusting. The finding reveals that applying copper-containing conductive grease between the shorted
subpatch and the radiation patch enhances sensitivity and reliability of the sensor, resulting in an improvement of up

to 32%.

Index Terms— Electrical contact, rusted copper surfaces, sensing sensitivity, unstressed patch antenna.

I. INTRODUCTION
A. Research Background
ITH the exponential growth of essential utilities, such
Was buildings, bridges, and dams worldwide, the man-
agement and maintenance of an ever-increasing number of
aging facilities have become a pressing concern [1]. Under the
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action of long-term loads and environmental factors, various
types of deformation inevitably develop within structures.
Deformation frequently constitutes a pivotal factor in structural
failure, adversely affecting the stability and service life of
the structure, especially by diminish load-bearing capacity,
durability [2], and potentially culminating in abrupt structural
collapse. Consequently, deformation is a crucial factor to be
employed for evaluating the health state of the equipment
structure [3].

B. Prior Works

In recent years, various deformation monitoring techniques
have progressively showcased their respective merits. How-
ever, it is imperative to acknowledge that each method is
accompanied by inherent limitations. For example, fiber-
optic-based sensors [4], [5], piezoelectric-based sensors [6],
[7], [8], and deformation-sensing methods based on multi-
sensor inputs and data fusion [9] usually necessitate cable
power supply and data transmission for monitoring, leading
to complex installation and elevated labor costs. On the
other hand, monitoring techniques based on enhanced visual
recognition offer the advantage of being noncontact [10], [11],
[12]. Nevertheless, this method requires further refinement in
terms of sensitivity for deformation detection and necessitates
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that the monitored surface of the component must remain
unobscured [13], [14].

Over the past few years, the realm of passive Internet
of Things (IoT) has experienced rapid growth, with passive
sensors assuming a pivotal role in the monitoring domain [15].
Passive sensors eliminate the need for batteries or wired
power supply, relying instead on external energy sources for
data transmission and reception [16], [17]. The foundation
of passive IoT implementation rests upon radio frequency
identification (RFID) [18], [19] or near-field communication
(NFC) [20], enabling data transmission and reception through
radio waves. This approach offers distinct advantages, includ-
ing cost-effectiveness, uncomplicated installation, and ease of
maintenance. In comparison with conventional sensors, passive
sensors prove to be better suited for practical monitoring
projects [21].

Antenna sensors are extensively employed as common
passive wireless sensors in the domain of structural health
monitoring [22]. In contrast to other conventional sensors,
antennas have the dual capability to serve as both sensing
and data transmission units. This unique feature empowers its
capability in passive wireless structural monitoring. However,
conventional monolithic patch antenna sensors typically rely
on monitoring crack and displacement through the change in
electromagnetic parameters of the antenna when subjected to
stretching or tearing. This sensing approach is substantially
influenced by shear hysteresis effects and insufficient bonding
strength, thereby presenting some limitations [23]. Such as
limited-service life and susceptibility to the characteristics
of the bonding adhesive significantly affect its performance.
Aiming at the problems affecting the accuracy of crack sens-
ing, Bhattacharyya et al. [24] introduced an additional tag
antenna positioned in the near field of a rectangular patch
antenna. The separation between the patch antenna and the
tag antenna varied in response to displacements, facilitating
the correlation of structural deformations with changes in
the backscattered signal power amplitude of the antenna.
Caizzone and Di Giampaolo [25] and Caizzone et al. [26]
proposed a crack sensor made of two mutual coupling
planar-inverted F antennas. It represented the change in dis-
placement between antennas by a change in the phase of the
coupled antennas. However, in the existing literature, such
as [27] and [28], it suggests that in NFC, the electromagnetic
radiation field often needs to be modeled using near-field
spherical waves. Nevertheless, spherical waves tend to exhibit
nonlinear phase characteristics, which pose difficulties in
accurately assessing the channel propagation characteristics of
antenna sensor systems. Consequently, this affects the precise
calibration of sensors. In addition, Xue et al. [23] proposed an
unstressed patch antenna sensor with overlapping subpatch.
This approach detects cracks or deformations within a struc-
ture by measuring the relative displacement between the two
components. The relative displacement between the subpatch
and the upper radiation patch results in a variation in the
current flow length along the patch antenna’s surface, leading
to a shift in the resonant frequency of the patch antenna.
Nonetheless, in practical engineering testing and application,
Xue et al. [23] discovered a challenge in eliminating the air gap

between the subpatch and the upper radiation patch. Achieving
complete contact and a flawless shorting connection between
the two components remains difficult. Li et al. [2] introduced
an off-center fed patch antenna sensor featuring an overlapping
subpatch suitable for engineering applications to concurrently
sense temperature and strain. However, Li et al. [2] encoun-
tered challenges in addressing the issue of the contact between
the subpatch and the radiation patch. To solve this problem,
Li et al. [2] employed an acrylic fixture to guarantee a
consistent contact area between the subpatch and the upper
radiation patch. Nevertheless, utilizing a fixture for fixation
adversely affects the relative displacement of the subpatch
concerning the upper radiation patch. Besides, Xie et al. [29]
introduced a passive unstressed wireless accelerometer sensor
featuring overlapping subpatch. In this design, both the patch
antenna and the overlapping subpatch utilize thicker dielectric
substrates to mitigate the influence of air gaps between the
contact surfaces. However, the challenge lies in the difficulty
of completely alleviating the air gap between the contact
surface and improving reliability.

Analyzed from the microscopic level, this issue can be
attributed to the inherent roughness and irregularity of any
processed surface. Such surfaces typically consist of only a
limited number of protruding points or minor contact areas
between the two conductors in contact [30]. This character-
istic is pertinent to factory-processed antenna sensors with
overlapping subpatch. Consequently, due to the limited contact
areas, these sensors encounter challenges, such as diminished
sensitivity and signal loss during operation.

Especially, as the service life of the patch antenna sensor
extends, the copper overlay part of the patch antenna sensor
may undergo chemical reactions with water vapor and atmo-
spheric oxygen, forming a layer of oxidized film covering the
patch [31], [32]. This process increases the contact resistance
between the contact surfaces, leading to a decline in sensor
performance. Such deteriorating conditions are not conducive
to the sensor’s long-term usability.

Similarly, electrical contact issues of this nature are preva-
lent across a wide spectrum of electrical equipment, automated
control systems, and information transmission systems. The
quality of electrical contact plays a pivotal role in deter-
mining the reliability and stability of both signal and power
transmission [33]. Usually, to ensure the effectiveness of the
contact, pressure is applied to the two conductors in contact.
In power systems, the application of conductive grease stands
out as an effective means to enhance the quality of electrical
contact, reducing contact resistance, improving the overall
quality of electrical connections, and safeguarding power
equipment [34]. Conductive grease is a high-performance
neutral conductive material, primarily composed of a thickened
base oil with the incorporation of conductive additives, impart-
ing oxidation, and corrosion resistance properties to create a
soft paste. When applied to the conductor’s contact surface,
it effectively expands the actual contact area, subsequently
diminishing contact resistance and augmenting transmission
efficiency [35]. In addition, conductive grease can serve as an
effective oil sealant on the contact surface, thereby mitigating
the impact of air and corrosive gases, reducing corrosion
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and oxidation, and enhancing the reliability of electrical con-
tacts. Exploiting the operating principles of conductive grease
enables the resolution of contact-related challenges in patch
antenna sensors with shorted overlapping subpatch.

C. Main Contributions

In this article, based on the analysis of the equivalent
circuit of patch antenna with shorted overlapping subpatch
and the properties of various types of conductive grease
materials, conductive grease was used to improve contact
surfaces’ electrical contact conditions. Both simulations and
experiments are conducted to investigate the effect of different
contact conditions on the sensitivity of the sensor. The main
contributions are summarized as follows.

1) The objective contact conditions of the unstressed patch
antenna sensors are taken into account. Equivalent cir-
cuits of the sensors and their resonance frequency
approximation formulas are derived under practical cir-
cumstance.

2) The effect of different contact conditions on the sensi-
tivity of unstressed patch antenna sensors is investigated
by simulation and experimental analysis.

3) Conductive grease was applied to patch antenna sensors
exhibiting oxidative rust, and a comparison was con-
ducted before and after the treatment.

The rest of this article is organized as follows. Section II
presents the equivalent numerical analysis of contact effects.
In Section III, we simulated the contact conditions with Ansoft
high-frequency structure simulator (HFSS). Materials were
parametrically modeled and investigated the influence of dif-
ferent contact conditions on sensor sensitivity. In Section IV,
we provide the experiment results and discussions, and our
conclusions are drawn in Section V.

II. EQUIVALENT NUMERICAL ANALYSIS OF
CONTACT EFFECTS

A. Mechanism of Contact Surface

Fig. 1 depicts the patch antenna with overlapping subpatch
sensor, suitable for crack monitoring. As the crack expands,
the upper radiation patch undergoes relative displacement with
respect to the overlapping subpatch. This motion induces
a modification in the electrical path length of the current
flow within the patch antenna sensor, subsequently changing
the antenna’s resonant frequency. In the ideal scenario, the
contact surface between the subpatch and upper radiation
patch exhibits complete contact, resulting in a perfect electrical
contact. However, in real-world situations, as shown in Fig. 2,
only a limited number of protruding points or small contact
areas exist between the two surfaces.

These localized contact points are frequently termed “con-
ductive spots.” In actuality, the effective contact area between
the conductors, when they come into contact with each other,
is relatively small compared with the macroscopic contact sur-
face, as depicted in Fig. 2. Consequently, the resistance across
the contact surfaces significantly escalates as current passes
through them, thereby leading to a reduction in the sensor’s
sensitivity, operational range, and other characteristics. This,
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Fig. 1. Patch antenna with overlapping subpatch crack sensor.
(a) Panoramic view. (b) Side view.
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Fig. 2. Conductors contact surface under microscopic level.
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Fig. 3. Patch antenna sensor equivalent circuit.

in turn, diminishes the sensor’s sensitivity to detect minor
structural deformations within the building. Considering the
aforementioned electrical contact characteristics, the contact
surfaces are treated as a parallel combination of capacitance
and resistance and are further analyzed in Section II-B.

B. Equivalent Circuit of Unstressed Patch Antenna
Sensor in Practical Condition

An equivalent circuit analysis of this patch antenna sensor in
a practical condition is depicted in Fig. 3. In this analysis, the
air gap between the overlapping components is represented as
an equivalent capacitance Cy, while the contact points between
the conductors within the gap are denoted as an equivalent
contact resistance Rc.

By analyzing the equivalent circuit, where the resistance
and inductance of the nonoverlapping section are denoted as R
and L, respectively, the nonoverlapping part can be considered
as an equivalent capacitance Cy, and the overlapping part
is treated as an equivalent capacitance C,. The individual
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distributed capacitances can be expressed using the equations
as follows:

WL, — L
Co = ( 1h 0)e 0
1
WL
c == )
h
WL
C, = h—og 3)
1

Also, the total equivalent capacitance C; can be expressed
as follows:

WL WL
Ch = Cot CiC;  W(Ly— Lo s T
PTG A WLoe | Wloeo

hy hy
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where W represents the width of the patch antenna, L; denotes
the length of the upper radiation patch, L signifies the length
of the overlapping section between the upper radiation patch
and the subpatch, /; stands for the thickness of the radiation
patch substrate, and & represents the thickness of the air gap
existing between the radiating patch and the subpatch.

In addition, considering the real-world scenario, it is
assumed that the dielectric constants of the individual sub-
strates are equal and are represented as ¢, while the dielectric
constant of the air is represented as &.

For the above LC equivalent circuit, its resonant frequency
can be expressed as follows:

f : 4)
2n\/ﬁ ’

Due to the introduction of capacitive impedance, it can be
assumed that the inductance of the patch antenna remains
constant and is expressed by (5)

_ phLy
w
where p is the magnetic permeability of the patch.
Also, the resonant frequency approximation, after account-

ing for practical conditions, is presented in the following
equation:

L (6)
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Approximating (7) yields the following equation:
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TABLE |
CRITICAL DIMENSIONS OF THE PATCH ANTENNA SENSOR
Parameters L, (mm) W (mm) L,(mm) h,(mm) L (mm)
Value 70 60 41 0.508 13

Where L, is the length of overlapping sub-patch.

where k is a constant and determined by the following
equation:

k= 1N 1 (9)
- ehy + eoh h )

According to (8), the resonant frequency of the patch
antenna will decrease with the increasing of the overlap-
ping section. This relationship can be utilized for sensor
applications.

For this patch antenna sensor, the chosen substrate material
is Rogers RT/duroid 5880, characterized by a dielectric con-
stant ¢ = 2.2 and a thickness #; = 0.508 mm. The dielectric
constant gy of the air gap between the upper radiation patch
and the overlapping subpatch is 1, with a thickness h, =
1/10h,, resulting in a calculated value k = —0.3549 according
to (9).

For typical conductive grease, its primary constituents are
polyalphaolefin (PAO) [36]. Disregarding the conductive addi-
tives added to the conductive grease, a dielectric constant of
&1 = 2.11 and a thickness of h, = h; are assumed, resulting
in a calculated value of k = —1.0048 according to (9).

Based on the calculation results, the application of conduc-
tive grease to the contact surface between the upper radiation
patch and the subpatch results in a 1.68-fold increase in the
resonant frequency shift of the patch antenna. This substantial
increase in resonant frequency alteration aims to enhance
sensitivity, thereby augmenting the sensor’s ability to detect
cracks.

To confirm the effect of different contact conditions on the
sensor, HFSS is employed for simulation and validation.

Il1. SIMULATION IN HFSS

The resonance frequency of the patch antenna sensor under
study in this article is approximately 2.2 GHz, with the antenna
dimensions estimated based on the calculation (10) for patch
antenna resonance frequency

c m\* n\2

Fom = NG (L) + (W)
where c is the speed of light, L, is the length of the upper
radiation patch, W is the width of the patch antenna, ¢ is the
relative permittivity of the patch antenna substrate, and m and
n are the resonance orders in the two directions of the length

and width, respectively. The parameters of the patch antenna
sensor are ascertained as detailed in Table I.

(10)

A. Simulation of Unstressed Patch Antenna Sensor
Without Treatment

Fig. 4 shows the uncoated conductive grease finite-element
model constructed in HFSS, utilizing the parameters specified
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TABLE Il
ELECTROMAGNETIC MATERIAL PARAMETERS OF PAO
Airbox ——p S Setenna Parameter Relative Permittivity Bulk Conductivity (S / m)
Value 2.11 2.2

Upper radiation patch

Dielectric substrate
Overlapping sub-pateh

Fig. 4. Unstressed patch antenna sensor modeled in HFSS.
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Fig. 5. (a) S11 curve and (b) fitting of resonant frequency and relative
displacement.

in Table I. This model is composed of both overlapping
subpatch and the patch antenna. The dielectric plate is com-
posed of Rogers RT/duroid 5880, while both the overlapping
subpatch and the upper radiation patch are represented as
perfect E due to the minimum skin depth of electromagnetic
waves in the 2.2-GHz band. The patch antenna crack sensor is
arranged inside a perfectly matched layer (PML) air box with a
radius of about a quarter wavelength to ensure computational
accuracy of the far-field radiation. To simulate the practical
interrogation of the patch antenna sensor, an ultrawideband
(UWB) antenna is employed in the simulation. The unstressed
patch antenna sensor is interrogated from a distance of 4 cm
using the UWB emitting antenna, which generates electromag-
netic waves through lumped port excitation.

To ensure the monitoring capability of the unstressed patch
antenna sensor in both lengthwise directions, an initial overlap
length is set between the overlapping subpatch and the upper
radiation patch. Simulation is carried out incrementally in
0.1-mm steps as the subpatch gradually moves. The overlap
length expands until it reaches 1 mm, signifying that the struc-
ture’s cracks have been maximally extended. The simulation
outcomes are illustrated in Fig. 5(a).

In Fig. 5(b), a linear relationship between the relative dis-
placement and the resonant frequency is evident, with a linear
fit coefficient of 0.9774. This coefficient suggests that the reso-
nant frequency exhibits nearly linear variations corresponding
to the displacement of the overlapping subpatch. The slope
of this fit is measured at 164.5 MHz/mm, representing the
sensitivity of this patch antenna sensor to sense crack.

TABLE IlI
ELECTROMAGNETIC MATERIAL PARAMETERS OF SILICON OIL
Parameter Relative Permittivity Bulk Conductivity (S / m)
Value 11.9 0

Air box ——p

/ UWB.antenna

>\ S Polyalphaolefin(Silicon oil)

Upper radiation patch

Dielectric substrate
Overlapping sub-pateh

(a)

Polyalphaolefin(Silicon oil) . Overlapping sub-patch

/

(b)

Fig. 6.  Patch antenna modeled with PAO or silicon oil in HFSS.
(a) Panoramic view. (b) Side view.

Upper radiation pafch \
4
=

Dielectric substrate

To simulate the unstressed patch antenna sensor treated
with the application of conductive grease, two commonly
used types of conductive grease are parametrically modeled
in HFSS. It is worth noting that the conductive additives
added within the conductive grease are minute, requiring a
finer mesh division and increasing unnecessary computational
load. Hence, the small conductive additives are disregarded,
and the primary components of the two types of conductive
grease, namely, PAO and silicon oil, are, respectively, modeled.
The electromagnetic material parameters of PAO are extracted
from the literature in the electrical power field [36], as detailed
in Table II. For silicon oil, material parameters are sourced
from the HFSS material library, with specific details provided
in Table III.

B. Simulation of Unstressed Patch Antenna Sensor With
Primary Components of Conductive Grease

Similar to the previous analog simulation procedure, a layer
of PAO and silicone oil of the same thickness as the substrate
was added between the overlapping subpatch and the upper
radiating patch, respectively, as shown in Fig. 6.

The simulations were conducted under
conditions, and the respective results are
in Figs. 7 and 8.

consistent
presented
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S,,(dB)
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Fig. 7. Simulation results after adding PAO. (a) Syy curve and (b) fitting
of resonant frequency and relative displacement.

displacement

0.00mm
0.10mm 222
— 020 mm
os0mm| | .
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Relative displacement(mm)
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Fig. 8. Simulation results after adding silicone oil. (a) Sy1 curve and
(b) fitting of resonant frequency and relative displacement.

In the results, a linear regression was performed to relate
the resonant frequency to the relative displacement. The fit
results are depicted in Figs. 7(b) and 8(b). For the simulation
results with the addition of PAO, the linear fit coefficient is
calculated to be 0.9878, suggesting an almost linear relation-
ship between these variables. The slope of the fit is measured
at 176.4 MHz/mm, representing the sensitivity of this patch
antenna sensor with a PAO layer to sense crack.

Similarly, for the simulation results with the addition of
silicon oil, the linear fit coefficient is calculated as 0.9594,
signifying a relatively poor linear relationship. The slope of
the fit measures 109.1 MHz/mm, representing the sensitivity
of this patch antenna sensor with a silicon oil layer to sense
crack.

C. Comparison of Simulation Results for Different
Treatments

Table IV demonstrates the comparison of the results for
three different simulation cases. The sensors’ sensitivity is
notably improved through the incorporation of materials that
serve as the principal components of the conductive grease,
with copper and graphite as the conductive additives. However,
it is important to note that the enhancement is not entirely
precise, as the conductive grease is not simulated compre-
hensively with all the materials. Further verification through
experiments is required, and the experimental details will
be expounded upon in next section. Notably, the conductive
additive in the conductive grease with silicone oil as the
primary component is silver powder. However, an intriguing
observation was made as the sensor’s sensitivity decreased
after the addition of silicone oil. This phenomenon can be
attributed to the following reason.

In the preceding section on performance improvement anal-
ysis, it was evident that when the primary component of

TABLE IV
COMPARISON OF SIMULATION RESULTS FOR DIFFERENT TREATMENTS
Treatment Untreated Polyalphaolefin Silicon oil
Linear Fit Coefficient 0.9774 0.9878 0.9594
Sensitivity (MHz/mm) 164.5 176.4 109.1
Sensitivity Comparison — +7.2% -33.7%

the applied conductive grease is PAO, a noticeable sensitivity
enhancement effect is achieved. Now, with its primary com-
ponent replaced by silicone oil, and disregarding the added
conductive material, the conductive grease exhibits a dielectric
constant of & = 11.9 and a thickness of h, = hj, resulting
in a calculated value of k = —0.3071. In comparison with the
untreated results, the use of conductive grease with silicone
oil as the primary component does not yield a significant
improvement in sensor sensitivity. However, it is worth noting
that this specific conductive grease contains added silver as
the conductive material, which, in comparison with other
conductive materials, such as copper, offers lower resistivity
and reduced energy loss at the contact surface. In practice, the
potential enhancement effect necessitates further verification
through experiments.

IV. EXPERIMENTS AND RESULTS

This section is divided into two parts. The first part validates
the improved performance of unstressed patch antenna sensors
after changing the contact conditions by applying conductive
grease. It also compares the effects of different conductive
greases used in experiments. The next part experimentally
validates the performance enhancement of unstressed patch
antenna sensors with oxidative rust after changing the con-
tact conditions by the application of conductive grease. This
separation is necessitated by the constraints posed by simula-
tion software in modeling durability, leading to the need for
experimental verification.

A. Validation of Varying Sensitivity of Unstressed Patch
Antennas With Different Contact Conditions

Building upon the prior theoretical analysis and simulation,
this section aims to validate the sensitivity enhancement of
unstressed patch antenna with different contact conditions
through a series of experiments. The experimental setup is
designed, as illustrated in Fig. 9.

The experimental setup comprises a crack simulator, a patch
antenna sensor, and an interrogation section, as shown in
Fig. 9(a)—(c). The crack simulator consists of a base plate,
a foam fixed table, and a movable table. The movable table
can be adjusted in 0.01-mm steps relative to the fixed table,
simulating crack extension using a side spiral micrometer bar.
Foam was selected for the fixed table to minimize electro-
magnetic interference caused by the crack simulator. Both
tables were securely glued to a rigid acrylic base plate to
reduce unintended motion of the experimental setup prior to
conducting the experiments. Subsequently, the patch antenna
sensor was glued to the fixed table of the crack simulator,
while the subpatch was connected to the movable table using
an acrylic connecting rod. This configuration allowed for the
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Crack simulator

Interrogation section

Movable table Base plate

(© (@)
Fig. 9.  Experimental setup. (a) Crack simulator. (b) Interrogation
section. (c) Patch antenna sensor. (d) Overall experimental setup.

TABLE V
PARAMETERS OF CONDUCTIVE GREASE
Products FUTU 572 JUNE SD-001 ITW CW7100
C(I:;I;(?;Znt Polyalphaolefin Polyalphaolefin Silicon oil
Czl(liili?t‘;:/i:e Copper powder Graphite powder Silver powder

adjustment of the spiral micrometer bar to simulate real-world
crack occurrence and extension by achieving relative displace-
ment between the two tables.

The patch antenna sensors employed in the experiments
were precision-machined and fabricated strictly to the sim-
ulation dimensions. The dielectric substrate material selected
was Rogers RT/duroid 5880, which was coated with standard
electrolytic copper. A UWB antenna was utilized to transmit
plane waves to the designed patch antenna sensor and receive
backscattering signals. To maintain consistency with the sim-
ulation, the UWB antenna was positioned directly above the
sensor at a distance of 4 cm, separated by a 4-cm-thick acrylic
plate.

A vector network analyzer (VNA) is linked to the UWB
antenna through a coaxial cable to collect and analyze signals
reflected from the patch antenna crack sensor. The VNA
sweep range is 2-3 GHz, facilitating a more comprehensive
observation of resonant frequency generated by the patch
antenna crack sensor. Throughout the experiment, the subpatch
is incrementally adjusted in 0.1-mm increments to simulate
crack expansion. The local curve of the sensor’s return loss at
each step is captured, as illustrated in Fig. 10(a).

The resonant frequency at the local minimum of each curve
was extracted to obtain a linear fit of the resonant frequency
to the crack width, as shown in Fig. 10(b). In the diagram,
the linear fit coefficient is calculated to be 0.9916, suggesting
linear relationship between these variables. The slope of the
fit is measured at 173.0 MHz/mm, representing the sensitivity
of this patch antenna sensor to sense crack.

The overlapping subpatch was removed from the setup and
coated with conductive grease. The conductive greases used in

S,,(d8)
Resonant frequency(GHz)

05 1 15

Frequency (GHz) Relative displacement(mm)

(@) (®)

Fig. 10.
width.

(a) S11 curve and (b) fitting of resonant frequency and crack

Foam fixed table Foam fixed table

(2 (b) ©

Fig. 11. Patch antenna sensor after coated with conductive grease.
(a) FUTU 572. (b) JUNE SD-001. (c) ITW CW7100.
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Fig. 12. Results after treatment with FUTU
(a) S11 curve and (b) fitting of resonant frequency and crack width.

572.

the experiment included FUTU 572 copper conductive paste,
Japan JUNE SD-001 graphite conductive grease, and the U.S.
ITW CWT7100 silver conductive grease. Specific parameters
can be found in Table V.

In accordance with the specifications for applying conduc-
tive grease, the upper radiation patch on the sensor is subject
to a straightforward cleaning process. A uniform application
of conductive grease is achieved on the upper radiation patch
using a plastic scraper, as shown in the Fig. 11. Subsequently,
the experimental setup is assembled and tested following the
previously outlined requirements.

Similarly, the subpatch was incrementally adjusted in
0.1-mm steps throughout the experiment. Local return loss
curves were obtained for each step, showcasing the transducers
treated with FUTU 572 copper conductive paste and JUNE
SD-001, as depicted in Figs. 12(a) and 13(a).

The resonant frequencies at the local minimum of each
curve in the two sets of results were independently extracted,
and linear fit plots of resonant frequency with crack width
were generated, as illustrated in Figs. 12(b) and 13(b).
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TABLE VI
COMPARISON OF EXPERIMENTS RESULTS FOR
DIFFERENT TREATMENTS

Treatment Untreated FUTU JUNE ITW
(experiment) 572 SD-001 CW7100
Linear Fit
Coefficient 0.9916 0.9791 0.9804 0.9726
Sensitivity
(MHz/mm) 173.0 228.5 161.0 142
Sen51t1Ylty . +32.1% 6.9% o18%
Comparison

displacement
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3

Resonant frequency(GHz)

22 225 23 235 24 o 05 1 15
Frequency (GHz) Relative displacement(mm)

(a) (®)

Fig. 13. Results after treatment with JUNE SD-001. (a) Sy1 curve and
(b) fitting of resonant frequency and crack width.

As shown in Fig. 14, the patch antenna sensor treated
with ITW CW7100 exhibits limited effectiveness within the
0-1-mm range. Consequently, further investigation was carried
out with a 0.5-mm crack extension step, and the results are
presented in Fig. 15(a).

The resonant frequency at the local minimum of each curve
was extracted to obtain a linear fit of the resonant frequency
to the crack width, as shown in Fig. 15(b).

Table VI illustrates the comparison of sensitivity and linear
fitting coefficients for the sensors following various contact
conditions. These results are compared with the simulation
results, leading to the following conclusions.

1) The sensitivity of the untreated patch antenna sensor
exhibits no substantial difference between the experi-
mental and simulated results, indicating the well design
of the crack sensor.

2) Similar to the simulation, the sensitivity of the patch
antenna sensor to crack width can be enhanced by
introducing a conductive grease with PAO as the pri-
mary component. In comparison with the simulation, the
experimental crack sensors, when treated with conduc-
tive grease, exhibit a notably enhanced sensitivity. This
improvement is attributed to the facilitating effect of
conductive additives in the conductive grease on current
flow.

3) According to Fig. 16, the sensitivity of the sensors
treated with JUNE SD-001 and ITW CW7100 con-
ductive grease did not exhibit improvements in the
experiments. In particular, the latter exhibited a signif-
icant reduction in sensitivity during the experiments.
The reason behind this observation is the suboptimal
friction performance of these two types of conductive
grease. They introduce a viscous effect, which impedes
the smooth movement of the movable table. As a result,

displacement

0.00 mm
010 mm

: 22 225 23 235 24
Frequency (GHz)

Fig. 14. Results after treatment with ITW CW7100.

displacement

225

&

2.24

Resonant frequency(GHz)

22 225 23 235 24 0 1 2 3 4 5
Frequency (GHz) Relative displacement(mm)

(@ (®)

Fig. 15. Results after treatment with ITW CW7100. (a) S11 curve and
(b) fitting of resonant frequency and crack width.
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205 | * ITWCWT100 === A %
————— Fitting line
I
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Fig. 16.
conditions.

Comparison of fitting lines under different electrical contact

unoxidized rusted patch antenna unoxidized rusted patch antenna

post-oxidized rusted patch antenna post-oxidized rusted patch antenna

(@ (b)

Fig. 17.
view.

Normal antenna and oxidized antenna. (a) Front view. (b) Back

the subpatch and the upper radiation patch experience
incorrect movement, leading to poor performance.

B. Validation of Sensitivity Enhancement for Unstressed
Patch Antenna Sensors With Oxidative Rust

In this experiment, an unstressed patch antenna sensor of
the same dimensions as previously mentioned was utilized.
The sensor had been stored in a laboratory environment for
14 months, and an oxide film formed on the sensor surface is
depicted in Fig. 17.
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Fig. 19. Results of postoxidized rusted patch antenna sensor after
treatment with FUTU 572. (a) Sy curve and (b) fitting of resonant
frequency and crack width.

The experiment followed the same procedures and con-
ditions as described in Section IV-A. The crack was
incrementally expanded in 0.1-mm steps, reaching a maximum
of 0.9-mm expansion. Local curves of the return loss for
the untreated oxidized patch antenna sensor were obtained,
as illustrated in Fig. 18(a).

The resonant frequency at the local minimum of each curve
was extracted to obtain a linear fit of the resonant frequency
to the crack width, as shown in Fig. 18(b). The linear fit
coefficient is calculated to be 0.9292, suggesting a relatively
poor linear relationship between these variables. The slope of
the fit measures 95.0 MHz/mm, representing the sensitivity of
this postoxidized rusted patch antenna sensor to sense crack.

Then, the overlapping subpatch of postoxidized rusted patch
antenna was removed from the experimental setup and coated
with conductive grease. Subsequently, a coating process was
carried out using FUTU 572 copper conductive paste. The
experiment was then repeated with the same procedures to
obtain the local return loss curves of the patch antenna sensor
after applying conductive grease, as depicted in Fig. 19(a).

Similarly, the resonant frequency at the local minimum of
each curve was extracted to obtain a linear fit of the resonant
frequency to the crack width, as shown in Fig. 19(b). The
linear fit coefficient is calculated to be 0.9767, suggesting an
almost linear relationship between these variables. The slope
of the fit measures 164.1 MHz/mm, representing the sensitivity
of this postoxidized rusted patch antenna sensor to sense crack
after treatment with FUTU 572.

Table VII presents a comparison of the experimental results
for the unoxidized rusted patch antenna sensors before and
after applying the conductive grease, as well as the postoxi-
dized rusted patch antenna before and after applying FUTU
572. The analysis of these results leads to the following
conclusions.

Fig. 20.

Relative displacement(mm)

Comparison of fitting lines under different electrical contact

conditions.

TABLE VII

COMPARISON OF EXPERIMENTS RESULTS BEFORE AND
AFTER TREATMENTS

Unoxidized Unoxidized Oxidized Oxidized
Series rusted sensor  rusted sensor  rusted sensor  rusted sensor
(untreated) (treated™®) (untreated) (treated™®)
Linear Fit
Coefficient 0.9916 0.9791 0.9292 0.9767
Sensitivity
(MHz/mm) 173.0 228.5 95.0 164.1
Sensitivity - +32.1% — +72.7%
Comparison

* Treated means treated with FUTU 572.

1) The oxidative rust of patch antenna sensors can impact
their sensitivity and linearity, particularly when they
are stored improperly. This underscores the importance
of addressing issues related to the presence of oxide
films between contact surfaces and enhancing oxidation
resistance to maintain optimal sensor performance.

2) According to Fig. 20, applying conductive grease to the
patch antenna sensor after oxidation and rust enhances
the sensor’s sensitivity. This improvement is due to
the conductive additives in the grease, which enables
an efficient current path between the shorted contact
surfaces, ultimately improving the sensor’s performance.

V. CONCLUSION

In this article, the performance of patch antenna sensors
with overlapping subpatch is compared under different contact
conditions. By applying conductive grease to the contact
surface, the sensitivity of these sensors to detect small cracks
can be significantly improved, with an enhancement of up
to 32%. Furthermore, the influence of natural oxidative rust
on patch antenna sensors is discussed. It is confirmed that
the application of conductive grease on the contact surface
enhances both linearity and sensitivity of the sensors after
oxidative rust. This improvement contributes to extending the
service life of these sensors in engineering applications.

Despite the promising results presented in this article,
several ongoing challenges require attention. These encompass
selecting the primary components of the conductive grease
and assessing the influence of temperature and humidity on
this treatment method. Besides, it is crucial to protect patch
antenna sensor surfaces from rust after applying conductive
grease and to find ways to minimize rust effects. In future
applied research, one solution to reduce the rust effect of
these sensors is to use tightly sealed packaging. Thus, the
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sensors can maintain reliable electrical contact. Addressing
these challenges is essential for facilitating the widespread
application of these sensors in the future.
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