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Abstract. This paper presents a patch antenna sensor for simultaneous crack and temperature
sensing, and its actual performance is tested. The patch antenna sensor consists of an off-center
fed underlying patch and an overlapping sub-patch, which is tightly attached to the underlying
patch and allowing the electric current to flow through the integrated patch. The off-center feeding
of the patch antenna can activate the resonant modes in both transverse and longitudinal directions.
The resonant frequency shift in transverse direction is utilized for temperature sensing, and the
crack width can be sensed by the longitudinal resonant frequency shift. Furthermore, this
unstressed structure of the patch antenna sensor can avoid the problems of incomplete strain
transfer ratio and the insufficient bonding strength. In this paper, the theoretical relationships
between the antenna resonant frequencies, the environment temperature, and the crack width were
studied. Experimental tests were also conducted, the off-center fed patch antenna sensor was
fabricated and several days of continuous monitoring were performed to test the sensing
performance of the patch antenna sensor. The experimental results demonstrate the feasibility of
the proposed patch antenna sensor for simultaneous crack and temperature sensing.

Introduction

Structural damage such as cracks will inevitably occur during the long-term service of civil
engineering structures. Cracks will reduce the bearing capacity and durability of the structure, or
even lead to a sudden failure of the structure, resulting in casualties and property losses. Therefore,
it is of great significance to monitor the structural cracks in real time [1].

Traditional crack sensing methods such as visual inspections with magnifying lens are time-
consuming and usually inaccurate. In recent years, sensors play an important role in structural
health monitoring and can provide more accurate sensing of structural cracks. For example, some
piezoelectric-based sensor and optical fiber-based sensor have been used for crack sensing [2,3].
These sensors make it easier to monitor structural cracks in real time. However, these crack sensing
technologies based on wired sensors usually need numerous wires for power supply and
information transmission, which make it difficult to install and maintain the sensors.

In past decades, some antenna-based sensors came into being to avoid the defects of traditional
wired sensors [4]. Antenna-based sensors utilize the antenna as the sensor to measure the change
in physical parameters, since the change of monitored parameters will lead to the change of
electromagnetic parameters of the antenna, and the change of antenna’s electromagnetic
parameters can be interrogated wirelessly. The antenna-based sensors take advantage of antenna’s
sensing and signal transmission functions. Furthermore, the electromagnetic waves of the antenna
sensor can penetrate some coverings, which make it better suited for structural health monitoring.
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A lot of antenna sensors have been developed, such as the deformation sensor, strain sensor,
temperature sensor, humidity sensor, bolt loosening sensor, corrosion sensor, and so on [5,6].

Currently, some structural crack sensors based on antennas have been developed and proved to
be feasible in laboratory environment. However, these crack sensors usually focus on crack sensing
while disregarding the effects of environment temperature [7]. In actual engineering, the
environment temperature is not constant; thus, the temperature fluctuation will generate inaccurate
measurements. To improve the sensing performance of antenna-based crack sensors under variable
temperatures, the temperature effects on antenna should be investigated, and additional
temperature sensors are needed to measure the environment temperature for the compensation of
the monitored parameters.

Since the additional temperature sensors will bring a lot of trouble in practice, to avoid the
additional temperature compensation sensors, some scholars have proposed antenna sensors for
simultaneous sensing of temperature and other physical parameters. For example, Tchafa et al.
proposed a patch antenna sensor for simultaneous strain and temperature sensing [8]. This multiple
physical variable monitoring sensor enabled strain and temperature sensing by a single antenna
sensor, additional temperature sensors are no longer needed. However, the proposed sensor based
on monolithic patch antenna need to be attached to the surface of the structure and stressed, so
there will be some problems such as the incomplete strain transfer ratio and insufficient bonding
strength. These problems greatly limit the antenna sensor use in practice. In this regard, Xue et al.
proposed a series of unstressed patch antenna sensors to avoid the problems of incomplete strain
transfer ratio, which can detect the cracks or structural deformation by the relative movement
between two antenna components, making the measurements of structural deformation and crack
width more accurate [9,10].

In this paper, a patch antenna sensor for simultaneous crack and temperature sensing is
developed, and its actual performance is tested. The proposed patch antenna sensor consists of an
off-center fed underlying patch and an overlapping sub-patch. The sub-patch is attached to the
underlying patch and moves as the crack width changes. The off-center feeding can activate the
resonant modes of the integrated patch antenna in both transverse and longitudinal directions, and
the resonant frequency shifts in two directions are used for temperature sensing and crack width
sensing respectively. The theoretical analysis is conducted to study the relationships between the
antenna resonant frequencies, the environment temperature, and the crack width. To demonstrate
the effectiveness and feasibility of the proposed sensor, some experimental tests were conducted.
The patch antenna sensors were fabricated to detect the crack widths, and several days of
continuous monitoring obtained a series of measurements at different environment temperatures.
The experimental results show that the sensor can accurately measure the temperature and crack
width changes.

This paper is organized as follows. Section 2 introduced the methodology of the proposed patch
antenna sensor and conducted the theoretical analysis. Section 3 presented the experimental design
and the experimental results. Finally, the conclusion and future work of the proposed antenna
sensor are discussed.

The patch antenna sensor for simultaneous crack and temperature sensing is shown as Figure
1. The underlying patch is off-center fed and partially covered by the overlapping sub-patch, and
they are tightly attached to each other so that the electric current induced by interrogation waves
can flow through the integrated patch. The antenna is dual-resonant since the off-center feeding of
the patch antenna can activate the resonant modes in both transverse and longitudinal directions;
thus, it has two fundamental resonant frequencies. The transverse fundamental resonant frequency
of the patch antenna is only related to the environmental temperature changes. However, the
longitudinal resonant frequency of the patch antenna depends on the environmental temperature
and the overlapped length of the underlying patch and the overlapping sub-patch.
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Methodology and theoretical analysis
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Figure 1. The concept of the proposed patch antenna sensor.
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Figure 2. The patch antenna sensor installation diagram.

The patch antenna sensor is installed on the surface of the structure as shown in Figure 2. A
connecting rod connects the overlapping sub-patch to the fixed plate, the underlying patch fastened
to one side of the crack while the fixed plate is fastened to the other. As long as the crack width
changes, the variation causes the relative movement between the two components of the antenna
sensor. The sensing of the crack width can be achieved by measuring the relative movement
between the underlying patch and the overlapping sub-patch. Thus, the longitudinal resonant
frequency shift of the antenna can be used to measure the change of the crack width, and the
resonant frequency shift in transverse direction is utilized for environmental temperature sensing.

When environment temperature changes A7, and the overlapped length changes AL, , the

fundamental resonant frequencies of the patch antenna under the influence of temperature and the
overlapped length can be expressed as:
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Where f,, represents the fundamental resonant frequency when the patch antenna is resonant

at the longitudinal direction and f,, represents the fundamental resonant frequency at the
transverse direction; c is the speed of light in a vacuum; & is the relative dielectric constant of the
dielectric substrate; £, and W, are the longitudinal electric length and transverse electric length
respectively; AW, and AL, are the variations of the integrated patch size in the transverse
direction and longitudinal direction caused by temperature variations; Ag, is the variation of the

dielectric substrate's relative dielectric constant.

Therefore, the environmental temperature can be determined using the resonant frequency shift
in the transverse direction, and the temperature compensation of the longitudinal resonant
frequency can be calculated simultaneously. Then, the resonant frequency shift in the longitudinal
direction of the patch antenna can be used for the crack width sensing.
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Experimental study

A series of Experimental tests were conducted to illustrate the feasibility of the proposed patch
antenna sensor for simultaneous crack and temperature sensing. The fabricated patch antenna with
overlapping sub-patch is shown in Figure 3. The dielectric substrate of the antenna was selected
as Rogers RT/duroid 5880 laminate, and the radiation sheets were made of copper. The patch
antenna sensor was connected to the vector network analyzer (VNA) through the coaxial line.
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Figure 4. The crack extension simulator and experimental setup.

Figure 4 shows the crack extension simulator and experimental setup. The moveable table could
be pushed by the screw micrometer rod and moved relative to the fixed table to simulate the crack
width extension. The simulator simulates crack width extension from 0 mm to 3 mm with a 0.1
mm incremental step. Figure 5 shows the reflection loss curves Si1 of the patch antenna, and Figure
6 shows the patch antenna's resonant frequency in the longitudinal direction with different crack
widths.
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Figure 5. The S1; curves of the patch antenna sensor with different crack widths.
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Figure 6. The resonant frequency in the longitudinal direction with different crack widths.

In order to verify the feasibility of the proposed patch antenna sensor for temperature sensing,
the patch antenna sensor was installed at a fixed position in the room to monitor environment
temperature changes over a period of time. Figure 7 shows the experimental setup. The patch
antenna sensor was connected to the Nano VNA through the coaxial line, and the patch antenna
senor was placed in a protective box made of acrylic, so as to avoid the interference of dust and
other factors during long-term monitoring. A thermometer was placed near the patch antenna
sensor to record the environment temperature and compare it with the measurements of the patch
antenna sensor.
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Figure 7. The environment temperature monitoring experimental setup.

Several days of continuous monitoring were performed to demonstrate the feasibility of the
sensor for long-term temperature monitoring. The experimental results show that the resonant
frequency in transverse direction of the antenna has a good correspondence with the temperature
variation during the monitoring period, as shown in the Figure 8. To further illustrate the
environment temperature sensing ability of the patch antenna sensor, the 24 hours temperature
change in one day was selected to compare with measurements of the patch antenna sensor, shown
as Figure 9. The results show that the environment temperature sensing according to the transverse
frequency shift of the patch antenna is feasible.
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Figure 8. The resonant frequency in the transverse direction with environment temperature.
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Figure 9. The patch antenna sensor 24- hour temperature monitoring results.

Summary

In this paper, a patch antenna sensor with overlapping sub-patch for simultaneous crack and
temperature sensing is proposed. The patch antenna sensor is dual-resonant; thus, the patch
antenna's resonant frequency shifts in transverse direction and longitudinal direction can be used
to measure the environment temperature and crack width respectively. Theoretical study
experimental tests were conducted to study the performance of the patch antenna sensor. Despite
the encouraging results, some significant concerns such as the effective wireless interrogation
technique still need to be investigated in future work.
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