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Abstract
This paper presents an angle sensor based on a sector ring patch antenna (SRPA) for loose bolt
detection. The sensor is comprised of two parts, a ring substrate sandwiched between a ground
plane and a sector ring radiation patch, and a sector ring substrate covered by a radiation patch.
The two radiation patches are partially overlapped and the overlapped areas are in contact
allowing the electric current to flow within the combined radiation patch. The resonant cavity
theory is adopted to explain the relationship between the frequency shift and the overlapped
angle. The Ansoft high frequency structure simulator software is used to simulate SRPA, and
the dimensional parameters of the antenna are optimized to make the antenna perform better.
For verification, two sets of SRPAs are fabricated and tested.

Keywords: structural health monitoring, bolt loosening detection, antenna sensor,
sector ring patch antenna

(Some figures may appear in colour only in the online journal)

1. Introduction

Bolt connections are widely used in many industries, includ-
ing mechanical engineering, civil engineering and aerospace
engineering. Their popularity is due to easy installation and
implementation, the ability to bear relatively heavy loads, low
costs, and acceptable reliability [1]. However, under the influ-
ence of temperature fluctuation, repeated forces, and vibra-
tions, bolt threads tend to slip relative to the joint threads, lead-
ing to bolt loosening [2]. If the loose bolts cannot be found and
retightened in time, the bolt connection with the loose bolts
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will be a weak point of the structure, threatening the safety of
the whole structure.

Generally, it takes some time for bolts to be completely
loosened from tightening state, which generally undergoes
two steps. Firstly, the decrease of early preload results in the
decrease of the frictional forces at bolt interface. Then, due
to the plastic deformation of threads, the micro-slip between
contact surfaces and the creep phenomenon, the relative move-
ment occurs between the fastener and the connection [3].
Therefore, to prevent accidents caused by bolt loosening in a
timely manner, some traditional methods, which mainly util-
ize strain gauges, stress sensors, or the torque wrench tech-
nique [4] were developed in industries. Technologies based
on strain gauges or stress sensors are relatively expensive and
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have difficulty achieving high accuracy. As another traditional
monitoring method, torque wrench technology is currently
used inmany and various structures. Nevertheless, this method
has a wide error of up to 50% [5]. And, the accuracy behind
the use of this technology is affected by the professional level
of the inspector.

Then, with the development of technology and smart mater-
ials, some attractive approaches, such as impedance-based,
vibration-based, and ultrasonic-basedmethods, have been pro-
posed. The impedance-based methods [6, 7] interrogate the
electromechanical impedance’s variation of bolt connections
stimulated by piezoelectric transducers, which behave dif-
ferently depending on whether the bolts are tightened or
loosened. Vibration-based approaches [8–10] use hammers,
vibrators, piezoelectric elements, or other ways to vibrate the
bolted structure and record the dynamic response through
piezoelectric accelerometers or laser vibrometers. The recor-
ded data are then analyzed to obtain the structure’s vibration
parameters. That structure’s vibration characteristics are the
basis for estimating the bolt loosening state. In the ultrasonic-
based method category, the changes in ultrasonic waves sent
to bolt connections are examined as an index for the exist-
ence of flaws. The method mainly includes piezoelectric act-
ive sensing methods [11, 12] the acoustoelastic effect-based
methods [13] and the emergence of harmonics-based meth-
ods [14]. However, most of the techniques mentioned above
require sensors to be placed on or near the bolts, which com-
monly require high-precision instrumentation that has diffi-
culty compensating for the complex environmental effects.

To offset the disadvantages of the methods mentioned
above, researchers have proposed many novel bolt loosen-
ing detection methods. Among them, image processing-based
methods are gaining significant momentum [2, 15]. Com-
bined with machine learning algorithms, image processing-
based methods can realize the automatic monitoring of bolt
loosening. The pros of this method are that its investigation
results are minimally affected by environmental noise and
can be analyzed qualitatively and tangibly. However, it does
have lighting or no-covering requirements for image captur-
ing. In conditions where digital cameras have difficulty obtain-
ing structural images due to heavy fog conditions, poor light-
ing, or the covering material on the bolts, the application of
this method is limited. It is also very changeling to acquire
stable bolts images on a rotating or reciprocating object.

An approach based on radio wave interrogation can circum-
vent the problem of image processing-based methods com-
mendably. In 2016, Wu et al [16] proposed a way to use
radio-frequency identification (RFID) technology to monitor
the rotation of bolts or nuts. Using electromagnetic waves to
transmit signals that are unaffected by light conditions, this
method can work in dimly lit coal mines. However, due to
the installation limitations due to the form of coal mine guide
structures, this method can only observe the bolt loosening in
a specific application when the nut’s rotational angle exceeds
20◦. In addition, this method can only judge whether the bolt
is loose qualitatively. In order to judge the state of bolts more
accurately, some new approaches are urgently needed to rem-
edy this deficiency and even realize the quantitative judgment

of the bolt status. Patch antenna-based sensors, which are com-
monly used for quantitative strain or crack monitoring in the
field of structural health monitoring, have attracted our atten-
tion due to their advantages such as simple configuration, mul-
timodality, and low cost [17, 18].

Initially, patch antenna sensors were primarily monolithic,
pasted on the surface of structures to measure the strain
[19, 20] or cracks [21]. And Yi et al [22] extended its usage
to monitor the setting time in cement hydration. However,
stressed single-patch antenna sensors are facing some disad-
vantages, such as, incomplete strain transfer ratio and insuffi-
cient strength [23]. Thus, an unstressed patch antenna sensor
has been proposed to avoid the problems confronted by
stressed single patch antenna sensors. In 2019, Xue et al [24]
introduced their newly developed rectangular patch antenna
with an overlapping sub-patch for crack monitoring. Later,
Xue et al [25] applied this antenna sensor with an overlap-
ping sub-patch to detect changes in the length of screw and
thus identify the bolt loosening activity. Inspired by the idea of
unstressed patch antennas, this paper proposes a sensor based
on unstressed patch antennas for monitoring angle rotation,
which is a sector ring patch antenna (SRPA) used to monitor
the rotation of nuts that occurs during the second stage of bolt
loosening.

The SRPA is composed of two parts: (a) a ring substrate
sandwiched between a ground plane and a sector ring radiation
patch and (b) a sector ring substrate with a same-shaped radi-
ation patch. The two radiation patches’ partially overlapped
parts are in immediate contact with each other, and together,
they form the antenna’s sensing part. When properly mounted
on the bolt connection, the rotation of the nut will cause the
sector ring substrate to simultaneously rotate against the ring
part, thereby changing the resonant frequency of the antenna.
By analyzing the variations in resonant frequency obtained
through a reader, the condition of the bolt connection can be
inferred.

The main contents of the following chapers are as follows:
section 2 introduces the design and sensing principle of the
SRPA. Section 3 presents the sensor model and numerical sim-
ulation results. Section 4 focuses on the experimental instru-
mentation setup and compares the simulation results with the
experimental results. Conclusions are then drawn, and future
research potential is discussed.

2. Design and theory

Temperature fluctuations, repeated forces and vibrations,
which over time cause the bolt’s nut to slowly rotate relative
to the screw, leading to eventual bolt loosening [2]. Therefore,
monitoring the early rotation of the nut can catch the signs of
bolt loosening in time. This is an effective indirect bolt loosen-
ing monitoring method. Other methods have been proposed.
Huynh et al [2] were able to detect a loosened bolt with a rota-
tion of 2.74◦ for a perspective angle of ⩽10◦. They were also
able to detect a loosened bolt with a rotation of 5.14◦ for a per-
spective angle of 40◦. However, when the angle went above
40◦, accuracy decreased substantially. Wu et al [16] designed
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Figure 1. Components of the SRPA.

a device with an RFID patch to detect loosening of bolts. How-
ever, the method can only detect loosening of a bolt when its
nut is rotated more than 20◦. In order to detect the early bolt
loosening more accurately and in a more timely manner, we
propose a novel angle sensor based on a SRPA.

2.1. Design

The SRPA with two dielectric substrates is shown in figure 1.
To fully express the structure of the antenna, the sector ring
substrate in the figure 1 is made translucent. The lower surface
of the ring substrate is covered with copper as a ground plane,
and its upper surface is printed with a sector ring patch (Patch
1) and feedline. Meanwhile, a same-shaped patch (Patch 2) is
printed on the lower surface of the sector ring substrate. The
sector ring substrate is placed on the ring substrate. Patch 1
and Patch 2 are in contact with each other, and the angle of
the overlapping part is represented by the variable αol. At this
point, the radiation patch of the antenna can be regarded as
a sector ring patch composed of Patch 1 and Patch 2. The
center angle of the radiation patch is the sum of the central
angles of Patch 1 and Patch 2 minus the center angle of the
overlapping part of the two patches. As the sector ring sub-
strate rotates around its center, the angle of the overlapping
part changes, which changes the antenna’s resonant length and
resonant frequency. The sensing principle is similar to the rect-
angular patch antenna with an overlapping sub-patch proposed
by Xue et al [24].

When using the bolt loosening monitor, the ring substrate
is fixed to the steel block through adhesive, and the sector
ring substrate is connected to the nut through a connection
with a hexagonal opening, as shown in figure 2. The shape
and size of the opening in the middle of the connection can
vary according to the nut. The rotation of the nut causes
the rotation of the sector ring substrate, which changes the
antenna’s resonant frequency. By monitoring the change of
the SRPA’s resonant frequency, the rotation of the nut can be
sensed.

2.2. Theory

According to the resonant cavity theory for a normal rectan-
gular patch antenna, assuming the electric length is L and the
electric width is W, the resonant frequency can be calculated
as [26]:

fmn =
c

2π
√
εr

√(mπ
L

)2
+
(nπ
W

)2
(1)

where m and n are the order in the longitudinal direction and
transverse direction, respectively. c is the speed of light, εr is
the dielectric constant of the dielectric substrate, fmn is the res-
onant frequency when the antenna is resonant at m orders in
a longitudinal direction and when the antenna is resonant at n
orders in the transverse direction.

The upper patch of the SRPA can be considered as a vari-
ant of the rectangular patch. Since the rotation of the upper
substrate only changes the peripheral length of the equivalent
radiation patch, it is sufficient to focus on the resonance of
the peripheral direction. The resonant frequencies of the peri-
pheral direction can be calculated as:

fm0 =
mc

2L
√
εr

(2)

where fm0 represents the resonant frequency of order m in the
peripheral direction, and L represents the equivalent peripheral
length of the radiation patch of the antenna. Then, L can be
expressed as:

L = 2πR
αe
360

(3)

where R represents the equivalent radius of the sector ring
patch (R), and αe represents the central angle of the effect-
ive part of the two sector ring patches. The central angle of the
effective part of the sector ring patch αe can be represented by
the sum of the central angles of Patch 1 and Patch 2 (αt) and
the overlapping angle between them (αol):

αe = αt−αol. (4)
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Figure 2. Installation diagram of the SRPA.

Based on the above three equations, as the overlapping angle
between Patch 1 and Patch 2 decreases, the first three order
resonant frequencies of the SRPAwill increase, and vice versa.
When the change of L is small enough, that is, the change of
the overlapping angle between Patch 1 and Patch 2 is small
enough, the change in the resonant frequency of SRPA and
the change in L shows a linear relationship approximatively.
As shown in the following equation:

∆fm0 = − mc
2L2

√
εr
∆L (5)

where ∆fm0 is the change of the resonant frequency, and ∆L
represents the change of the effective length of the radiation
patch in the peripheral direction.

3. Simulation

In this section, the electromagnetic properties of the proposed
SRPA are simulated using the high frequency structure sim-
ulator (HFSS) (Ansoft Corp., 2005). The model of the SRPA
consists of two parts: (a) a ring dielectric substrate sandwiched
between a sector ring radiation patch (Patch 1) with a feed
line and a ring ground plane and (b) a sector ring dielectric
substrate with a same-shaped radiation patch (Patch 2). The
dielectric substrates and radiation patches of the two parts have
the same radial width. The side of the sector ring substrate
with the radiation patch is placed downward on the ring sub-
strate, ensuring that the radiation patches of the two parts are
in contact with each other, as shown in figure 3. The dielec-
tric substrate material is FR4 with a dielectric constant of 4.4.
Both the radiation patches and the ground plane are made of
copper. The sensing system is located in an air cylinder whose
boundary is more than a quarter of a wavelength away from

the SRPA model to ensure computational accuracy of the far-
field radiation. The air cylinder serves as radiation boundaries.
The ground plane and the radiation patches are set as perfect
E boundaries to make the electric field perfectly perpendicu-
lar to the surfaces. At the end of the feed line, a lumped port
connected to the ground plane is arranged to feed the antenna.

After a series of simulation, with the returen loss of the
third-order resonant frequency at peripheral direction as the
main index, a group of antennas with better performances was
selected. The dimension parameters of the selected antenna are
shown in table 1, and the schematic diagram of each parameter
is shown in figure 4.

3.1. Verification of theory

The current diagram of the first three orders resonance of the
SRPA obtained by numerical simulation is shown in figure 5.
According to figure 5, the first three antenna resonances are
circumferential. The current distribution of the antenna is sim-
ilar to that of a regular rectangular patch antenna. Therefore,
the theory of the rectangular patch antenna is a good fit for the
SRPA.

3.2. Performance simulation

HFSS (Ansoft Corp., 2005) was used to simulate the change
of resonant frequency of the SRPA caused by the rotation of
the sector ring substrate. Figure 6 shows the results (the S11
curves). As the overlapping angle between Patch 1 and Patch
2, (αol) changes from 0◦ to 40◦, the third-order resonant fre-
quency of the SRPA increases gradually.

From the S11 curves, the third-order resonant frequen-
cies corresponding to different overlapping angles between
Patch 1 and Patch 2 (αol) are extracted, as shown in figure 7.
Through simulation results and data fitting, the value of the
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Figure 3. Schematic diagram of the SRPA.

Table 1. Dimension parameters of the chosen group.

Rs1 Rs2 Rp1 Rp2 Rf l1 Rf l2 αp1 αf l αp2 t

28 mm 42 mm 30 mm 40 mm 35.25 mm 34.75 mm 120◦ 35◦ 40◦ 0.8 mm

t is the thick of the two dielectric substrates.

Figure 4. A schematic diagram of each parameter.

equivalent radius of the sector ring patch (R) in equation
(3) can be determined, and its value is 34.14 mm. Further,
the relationship between the third-order resonant frequency
and the overlapping angle between Patch 1 and Patch 2 can
be deduced according to theoretical equation (2), shown by
the green curve in figure 7 with a correlation coefficient of
0.9970.

In addition, according to equation (5), when the circumfer-
ential length of the equivalent radiation patch of the antenna

changes slightly, the antenna’s resonant frequency changes
linearly with the change in peripheral length. The change in the
equivalent peripheral length of the equivalent radiation patch
is controlled by the change of the overlapping angle between
Patch 1 and Patch 2.

To test this hypothesis, the overlapping angle varies from
35◦ to 40◦ with a 0.5◦ per step, and the relationship between
the resonant frequency and the overlapping angle is obtained
and shown in figure 8. Through linear fitting of the simulation
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Figure 5. Current distribution diagrams of the first three SRPA
resonances. (a) The first-order resonance, (b) the second-order
resonance, and (c) the third-order resonance.

results, the antenna’s sensitivity is 23.3 MHz per degree,
and the correlation coefficient is 0.9973. Further, to simu-
late the performance of the SRPA in practice, a steel block is
added near the sensor in HFSS. With other setting unchanged,
the simulation results are shown in figure 9. The sensitiv-
ity is 21.9 MHz per degree, and the correlation coefficient is
0.9982. The presence of the steel block has little effect on the
performance of the sensor, and only slightly reduces the sens-
itivity of SRPA.

Figure 6. The S11 curves of simulation.

Figure 7. Relationship between αol and resonant frequency.

Due to the differences between the actural application and
simulation in surrounding environment, boundary conditions,
etc, experiment are still necessary to verify the practicality of
the sensor.

3.3. Temperature and humidity effects

In practical application, the influence of temperature and
humidity on the SRPA needs to be considered. As for the
humidity effect on the antenna’s characteristics, according to
Jain et al [27], humidity has a significant effect on the reflec-
tion coefficient of the antenna but has little effect on the reson-
ant frequency of the antenna. And Hertleer et al’s [28] study
showed that the antenna’s performance is relatively stable
when the moisture absorption rate of substrate is less than 3%.
In contrast, the typical value of the moisture absorption rate of
FR4 used in SRPA is only 0.2%.
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Figure 8. Relationship between the overlapping angle and the
resonant frequency.

Figure 9. The relationship between the overlapping angle and the
resonant frequency when there is a steel block near SRPA.

Temperature affects the resonant frequency of an antenna
mainly by affecting the dielectric constant of the substrate.
The relationship between the dielectric constant of the sub-
strate and the surrounding temperature can be expressed by
the thermal coefficient of dielectric constant (TCDk). FR4’s
TCDk is typically −200 parts per million (ppm) per degree
celsius (◦C). Because of it, temperature compensation can be
achieved by establishing the relationship between the resonant
frequency and temperature change. According to equation (2),
assuming that the antenna operates at 3 GHz, a temperature
change of 1◦ Celsius will cause a 0.6 MHz antenna frequency
change when using FR4 material with TCDk−200 ppm ◦C−1

as the substrate. In addition, ITEQ CORPORATION has
developed a new FR4-based substrate material IT-8338 A and
IT-8350 A with TCDk of −35 ppm ◦C−1. In order to reduce
the influence of temperature on the resonant frequency of the

antenna, the substrate of SRPA in practical application can
be made of this new material. The actual ambient temperat-
ure range in civil engineering is about 70 ◦C. When using
FR4 material with TCDk −35 ppm ◦C−1 as substrate and the
antenna is operating at 3 GHz frequency, a temperature change
of 70 ◦C causes the resonant frequency of SRPA to change
about 3.0 MHz by theoretical calculation. According to the
simulation results, the resonant frequency of SRPA changes
up to 23.3 MHz when the nut rotates one degree. At this point,
the effect of temperature change on the resonant frequency of
the SRPA is not relevant or even can be ignored.

In conclusion, humidity has little influence on the reson-
ant frequency of the SRPA. And the effect of temperature on
resonant frequency can be solved by temperature compensa-
tion or an alternative substratemade of temperature-insensitive
materials. Therefore, these two factors are not considered in
the practical experiments.

4. Experiment

For experiments, we made two sets of SRPAs with the same
dimensions as designed in the simulation section. Copper was
selected as the material used to fabricate all the printed patches
and the feed line, and FR4 was used for making the substrates.

4.1. Instrumentation setup

To verify the simulation results and the performance of the
antenna in practical application, two sets of antennas with the
same parameters were tested. The instrumentation setup was
established, as shown in figure 10.

For simulating the actual working environment of the SRPA
and to obtain a better way to work on and affix the bolt, a steel
block was made. The central opening was used to fix the M24
bolt for testing. The paper with scales was printed and pasted
to the ring substrate of the SRPA to control the rotation angle
of the sector ring substrate during the test. After the M24 bolt
was fixed on the steel block, the ring substrate was pasted on
the steel block to ensure that the center of the ring substrate
coincided with the center of the M24 bolt’s screw. The sector
ring substrate was then attached to the nut through a connec-
tion with a hexagonal opening. The rotation of the sector ring
substrate can be controlled by controlling the rotation of the
nut, and the specific rotation angle can be controlled by the
paper with scales pasted on the ring substrate. The SRPA was
connected to a vector network analyzer (VNA) via a coaxial
line. And the function of the VNA is to obtain the S11 curve
of the antenna.

At the start of the test, Patch 1 is in contact with Patch 2
(αol = 0); then, the sector ring substrate rotated clockwise
along the ring substrate with a 2◦ per step until the two patches
were overlapped completely. The VNA sent a sweeping sig-
nal from 2 GHz to 3 GHz to the SRPA and monitored the
backscattering signal from the antenna to obtain the S11 curve
for each step. Data acquisition by the VNA occurred after a
30 s stabilization period to enhance the quality of the data.
From S11 curve, the SRPA’s resonant frequencies of each step
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Figure 10. Instrumentation setup. (a) The SRPA connected to the
VNA and (b) the SRPA fixed on the steel block.

were extracted, and further, the resonant frequency shift was
obtained.

To verify where there is a linear relationship between the
resonant frequency and the overlapping angle when the change
of the overlapping angle is small, we designed a new experi-
mental instrumentation setup to more accurately control the
relative rotation between Patch 1 and Patch 2, as shown in
figure 11. The auxiliary box, ring substrate and goniometer
were relatively fixed, and the sector ring substrate was rel-
atively fixed to the rotatable part of the goniometer. By con-
trolling the rotating part of the goniometer, the relative rotation
of Patch 1 and Patch 2 can be controlled precisely. Because the
overlapping angle between Patch 1 and Patch 2 varies from 35◦

to 40◦ with 1/6 degree per step, the S11 curve of the antenna
was recorded.

4.2. Experimental results

The relationship between the resonant frequency of the SRPA
and the overlapping angle between Patch 1 and Patch 2

Figure 11. Instrumentation setup for precise control. (a) The SRPA
connected to the VNA and (b) the SRPA and goniometer fixed on
the auxiliary box.

obtained from the tests are shown in figure 12. According to
the test results, the effective radius of the first group and the
second group of the sensors are 35.14 mm and 35.35 mm,
respectively. The theoretical curves between the resonant
frequency and overlapping angle corresponding to the two
sets of sensors derived from equation (2) are also drawn in
figure 12, whose correlation coefficients are severally 0.9942
and 0.9974.

The equivalent radius R of the sensor obtained from the
simulation and the test is different because of the different
environments between the simulation and the actual test. In
addition, the slight difference in the equivalent radii of the two
sets of sensors may be caused by a manufacturing or operation
error.

When the overlapping angle changes from 35◦ to 40◦, the
relationship between the antenna resonant frequency and the

8
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Figure 12. Relationship between the resonant frequency and the
overlapping angle. (a) Group 1 and (b) group 2.

overlapping angle is shown in figure 13. MATLAB is used
for linear fitting of experimental data. According to the fit-
ting results, the sensitivities of the two groups of antennas are
17.3 MHz per degree and 14.3 MHz per degree, with the cor-
relation coefficients of 0.9886 and 0.9897, respectively.

5. Results’ comparison and discussion

The results of the numerical simulation and experiment are
shown in table 2. The equivalent radius was obtained by fit-
ting the relationship between the overlapping angle and the
resonant frequency with equation (2) in the range of 0◦ to 40◦

of the overlapping angle. The sensitivity is derived by linear
fitting of the simulation results and experiment results when
the overlapping angle changes between 35◦ and 40◦ degrees.
And these two correlation coefficients on each line correspond

Figure 13. Relationship between the overlapping angle and the
resonant frequency. (a) Group 1 and (b) group 2.

to the correlation coefficients of the equation fitting and linear
fitting, respectively.

For simulation results and experimental results, both res-
ults are consistent with the theory in the range of 0◦–40◦of
the overlapping angle between Patch 1 and Patch 2. These
results indicate a great linear relationship exists between the
overlapping angle of Patch 1 and Patch 2 and the resonant
frequency when the overlapping angle changes between 35◦

and 40◦. However, compared with the simulation results, the
experimental results have larger equivalent radius and lower
sensitivity. Those differences are probably due to the follow-
ing reasons:

(a) In the experiment, there are welding of the feeding point
and environmental interference, which are not considered
in the simulation.

(b) In the simulation, the connection between Patch 1 and
Patch 2 can be considered as an air-tight connection.

9
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Table 2. Simulation results and experiment results.

Equivalent radius (mm) Sensitivity (MHz per degree)
Correlation coefficients
(equation/linear fitting)

Simulation 34.14 23.30 0.9970/0.9973
Experiment Group1 35.14 17.30 0.9942/0.9886

Group2 35.35 14.30 0.9974/0.9897

However, in the experiment, there is always an air film
between the two patches; thus, a tight connection is
impossible to achieve.

(c) Fabrication errors. The antenna substrates or patches are
not completely flat, and the dimensions are also subject to
some errors between the actual antenna and the design.

(d) The centers of the two substrates do not coincide entirely
in the actual test, which is also different from the
simulation.

When used for bolt loosening monitoring, it is sufficient
to select the case where the overlapping angle varies between
35◦ and 40◦ because the bolt has already loosened when the
nut produces a relatively small rotation. In this case, the rela-
tionship between the resonant frequency and the overlapping
angle can be seen as linear, making the sensor easier to calib-
rate in practice. And according to the experiment in this paper,
the angle sensor can measure the minimum angle change of
1/6 degree, which allows us to detect early bolt loosening in a
timely manner.

In addition to bolt loosening detection, the angle sensor is
also suitable for a wide range of angle changes. The maximum
measurement range of the sensor proposed in this paper is 40◦.
By optimizing the dimensions, this form of sensor can support
a larger measurement range.

6. Conclusions

In this paper, the authors introduced a SRPA sensor for bolt
loosening detection. The resonant cavity theory was applied to
explain the relationship between the resonant frequency and
the overlapping angle of Patch 1 and Patch 2. The optimal
dimensions of the antenna were tested in a wired-testing envir-
onment. The experimental results are consistent with the sim-
ulation results and the theoretical analysis. The experimental
results show that the relationship between the antenna reson-
ant frequency and the overlapping angle is consistent with the
theoretical equation when the overlapping angle varies from
0◦ to 40◦. In case of small changes in the overlapping angle,
the antenna’s resonant frequency changes linearly with the
change of the overlapping angle. The SRPA has a sensitivity
of 15.8 MHz per degree on average and can detect a 1/6◦ bolt
rotation minimally within the range of the overlapping angle
from 35◦ to 40◦.
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