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Abstract

When sensors based on a single patch antenna are used to monitor crack width, the issues of
incomplete strain transfer ratio, insufficient bonding strength, and randomness of crack
propagation will inevitably compromise sensor sensitivity and make the calibration
uncontrollable. To circumvent these difficulties, this study presents a novel crack-measuring
sensor based on a rectangular patch antenna fed by a pair of microstrip lines, which form a
parallel plate capacitor as a crack-sensing unit. The sensing mechanism was analyzed using the
transmission-line model. Then two crack sensor prototypes were designed and the dimensions
were optimized. A crack opening simulator was customized to test the sensors by using different
width resolutions. The experiment results validated that the resonant frequency shifts are linearly
proportional to the applied crack width; moreover, the crack sensor proved capable of detecting
crack widths as small as one-hundredth of a millimeter in an object.
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1. Introduction

Over time, structural service loads and environmental effects
will cause a gradual degradation of structural performance;
thus, technologies dedicated to structural health monitoring
have been extensively developed over the last few decades [1].

Since cracks can directly indicate the degree of structural
damage, crack monitoring is essential to structural health mon-
itoring. For reinforced concrete structures, lots of factors can
induce cracks, such as excessive loads, differential settlement,
temperature variations, and so on. Cracks will accelerate the
carbonation of concrete and the corrosion of their reinforcing
steel bars, make a building appear old and unsightly, adversely
decrease the carrying capacity of structures [2]. For steel struc-
tures, cracks are usually induced by fatigue under cycling loads
[3]. Most importantly, a structure can fail and rupture suddenly
when the dimensions of its cracks exceed the critical value [4].
The crack width can be assessed by visual inspection with the
help of a magnifying lens or by ultrasonic testing [5]. However,
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manual inspection should be conducted periodically, which is
time- and labor-consuming. In structural health monitoring,
crack sensing technology is extensively used, such as the fiber
optical crack sensor [6]. The performance of these traditional
crack sensors is reliable. However, cables are needed to supply
both the power supply and data transmission for these sensors,
which makes installation and deployment of crack sensors dif-
ficult and costly. Furthermore, wired crack sensors cannot
acquire data because of power failure or cable malfunction
during extreme disasters when they are most needed.

To get rid of sensing system lines and cables entirely,
passive wireless sensors were developed and applied. The
antennas based on oscillating circuits with the help of
inductors were developed for strain sensing [7]. Later, sensors
utilizing low-profile antennas, such as patch antennas and
dipole antennas, received more attention due to their smaller
size [8]. The deformation on structure surfaces caused by
strain or cracks could then be transferred to the antennas
attached to the structures.

© 2019 IOP Publishing Ltd  Printed in the UK
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The passive antenna sensors for deformation monitoring
can be divided into two categories based on the sensing
mechanism [9]. The first category is the radio-frequency
identification (RFID)-enabled antenna sensors. In this case, the
antenna sensors have the dual function of deformation sensing
and data transmission. The dimension change of the radiation
patch induced by structural deformation will affect the resonant
frequency of the patch antenna. For instance, Daliri ef al [10]
fabricated a chipless sensor based on a circular patch antenna.
Yi et al [11, 12] developed a smart-skin chipped sensor based
on the folded patch antenna using radio frequency identifica-
tion technology [13, 14]. Moreover, other congeneric antenna
sensors have been developed for this purpose [15, 16]. The
second category of passive antenna sensors is the impedance
load-based sensor. In this case, the structural deformation will
result in the impedance change of the antenna load, and sub-
sequently alter the electromagnetic parameters of the antenna.
Thus, the impedance of the load is the sensing element used to
measure the desired physical parameters. Thai et al [17, 18]
designed a highly sensitive sensor based on a patch antenna
loaded with an open loop for strain sensing. The overlapped
length of the capacitance area is altered when the structural
deformation is transferred to the top surface of the patch,
leading to the impedance change of the antenna load and a shift
in the resonant frequency of the patch antenna.

Therefore, crack sensors can be fabricated based on the
sensing mechanism wherein the electromagnetic properties of
the antenna vary with its deformation or load. However, some
unsolved problems were confronted when these crack sensors
of monolithic patch antennas were actually designed and
tested. Since the deformation sensing unit is on the top sur-
face of the antenna, the deformation induced by a crack could
not be fully transferred to the top surface of the antenna due to
the shear lag effect [19] caused by the non-negligible thick-
ness of the substrate and the plastic flow of adhesive mate-
rials. As a result, the strain transfer ratio between the top
antenna and the bonded surface of the structures must be
calibrated carefully, and it depends on the type of superglue
and the surface material; an accurate strain transfer ratio also
depends on the evenness and thickness of the superglue
during the manual bonding operation. An unsettled strain
transfer ratio can hold back the industrial production and
commercialization of crack sensors using monolithic patch
antennas as their sensing units.

Another issue is associated with the stress concentration
occurring at the tip of the crack during the crack propagation.
An antenna can be torn apart by the stress concentration,
which subsequently affects the induced electromagnetic field
on the radiation patch and shift the resonant frequency of
antennas [20]. However, the formation of cracks on radiation
patches is random even under the same conditions, which
means the crack sensor will perform differently with different
crack paths. The third problem is caused by the bonding
strength of the superglue. The crack sensor based on one-
piece patch antennas is usually glued onto the surface of the
structure by adhesive materials. When the strain is at a high
level, the bonding between the crack sensors and structures
fails due to the insufficient bonding strength. The bonding

strength can be improved by bolted connections and welding,
but the electromagnetic property of the antenna will be sig-
nificantly modified because the substrate of the antenna needs
to have a punched hole and the copper cladding of the ground
plane is prone to melt at the soldering point, respectively.

When monolithic patch antennas are adopted for sensing,
these problems can be especially stubborn. To circumvent
these difficulties, Caizzone et al [21] and Caizzone and
Digiampaolo [22] proposed crack sensors, which used two
mutual-coupling planar-inverted-inverted-F antennas. Each
antenna was placed on one side of the crack. The coupled
antennas’ phase changed with the relative displacement
between the two antennas as the crack propagated. So, the
crack width can be measured if the relationship between the
relative displacement and phase of the coupled antennas was
established. Nevertheless, the interrogation distance between
the coupled antennas and reader affected the measured phase,
which confirms that the reader position must be fixed through
the whole monitoring process. This made the proposed crack
sensors in [21, 22] inflexible and, therefore, unsuitable for real
applications. Despite the quantifiable issue of using antennas as
crack sensors, the idea of coupled antennas shed new light on
the possibility of developing a crack sensor using detachable or
separable antennas instead of using one-piece patch antennas.

To avoid the issues of the incomplete strain transfer ratio,
randomness of crack propagation and insufficient bonding
strength, the authors developed a novel crack sensor based on
a rectangular patch antenna fed by a pair of capacitive
microstrip lines with a cantilevered structure, forming a par-
allel plate capacitive cell between microstrip lines. The
monolithic patch antenna lies on one side of a crack and the
cantilevered part of the crack sensor lies on the other side.
The capacitive cell, as the load of the patch antenna, serves as
the crack sensing unit, and the measured resonant frequency
of proposed sensors detect the crack width with a reliability
that is not affected by interrogation range, transmission los-
ses, or other interferences. This paper is organized as follows:
section 2 introduces the concept of crack sensors with capa-
citive microstrip lines and simplifies the sensor using the
transmission-line model. In this section, two prototypes of the
cantilevered microstrip lines are described and the dimension
of two prototype sensors are optimized by modeling.
Section 3 presents the modeling and simulation of crack
sensors. The appropriate sensing parameters are determined
by the mode analysis of two prototypes and the return loss
curves for each sensor are obtained by frequency sweeping.
Section 4 describes the fabrication of sensors and the instru-
mentation setup of experiments. The sensing performance of
each crack sensor is depicted. Section 5 draws the conclusions
and summarizes the potential of this research.

2. Crack sensor with capacitive microstrip lines

A novel crack sensor using a conventional rectangular patch
antenna is proposed by altering its microstrip line by pairing
the bottom microstrip line with the upper microstrip line to
form a capacitor between them, which make up the load of the
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Figure 1. A novel crack sensor with capacitive microstrip lines.

patch antenna. The bottom microstrip line is overlapped by
the upper microstrip line forming a parallel plate capacitor.
The constant gap between them can be filled with air or
isotropic dielectric materials. The overlapped length of the
bottom microstrip line and upper microstrip line is pertinent
to the impedance of the patch antenna load, consequently
influencing the dominant resonant frequencies of the crack
sensor. As a result, the parallel capacitor can function as the
sensing unit for the crack width. The cantilever structure of
the upper microstrip line avoids the problems we encountered
before, such as the sensor-structure connecting issues and
compromised strain transfer efficiency due to shear lag effect
of the non-negligible thickness of the patch and adhe-
sive glue.

The novel crack sensor has two components illustrated in
figure 1(a). One part includes a one-piece radiation patch,
ground plane, substrate, and bottom microstrip line, and the
other part includes the upper microstrip line. No attachment
exists between the pair of microstrip lines, which can rela-
tively move without constraint, as shown in figure 1(b). The
radiation patch is fed at the edge of the upper microstrip line.

2.1. Equivalent-circuit model of proposed crack sensor

A conventional rectangular patch antenna is modeled by a
parallel twin wire transmission line shown in figure 2.
Assuming the length of transmission line is /, the character-
istic impedance of the transmission line is Zj, and the impe-
dance of load is Z;, the input impedance of the patch antenna
can be calculated as [23]

_ ZL + Z() tan ﬂl

Zin = Z, R 1
OZO+ZLtanﬁl M

/

Figure 2. The model of transmission line for a patch antenna.

Box II
Box |
o A C Zu
LAl l-Al1
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Z, C Zu
I l-Al

Figure 3. The equivalent circuit of crack sensor.

where the parameter 3 can be estimated as

R = Y @)
Ag c

where ), is the wavelength of the electromagnetic wave in the
antenna, f is the frequency of the corresponding electro-
magnetic wave, ¢ is the speed of light in the vacuum, and ¢, is
the effective dielectric constant of the substrate.

For the proposed crack sensor fed by capacitive micro-
strip lines, the equivalent circuit according to the theory of
transmission line [23] is shown in figure 3, when the patch
antenna is excited by input electromagnetic waves at the feed
point. The impedance of the circuit is composed of four parts:
(1) the characteristic impedance of the rectangular patch
antenna Z (f), (2) the impedance of the bottom microstrip line
without the overlapped part Z,, (3) the impedance of the
upper microstrip line without the overlapped part Z,, and (4)
the capacitive reactance X resulting from the capacitor of a
pair of parallel overlapped microstrip lines. According to
equation (1), the input impedance Z;,; of circuit in Box I can
be calculated as

7 7 Z() + Zytan U, — AD
inl — &b s
Zp + Z(f)Htan 3l — Al)

3

where [, and [, is the length of the bottom microstrip line and
the upper microstrip line respectively, and Al is the over-
lapped length between them.

The circuit in Box I is treated as a cell, and it is in series
with the capacitor. Therefore, the input impedance Z;,, of the
circuit in Box II can be expressed as

Zuo = Zim + -, @)
jC
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where the second term in the right side of equation (4)
represents the capacitive reactance X of the capacitor, and C
represents the capacitance of the capacitor which can be
described as

eSS gmwAl
Arkd dmkd

where ¢,,,- is the relative dielectric constant of the intermediate
medium between the pair of overlapped microstrip lines, S is
the overlapped area of the microstrip lines, w is the width of
the bottom microstrip line and the upper microstrip line, d is
the perpendicular distance between two microstrip lines, and
k is the electrostatic constant.

Eventually, connected with equation (1), the input
impedance Z;,3 of the equivalent circuit of the crack sensor
can be calculated as

&)

Zin2 + Zu tan 6(114 — Al)

Zinz = Z, .
Zu + Zin2 tan ﬁ(lu - Al)

(6)

When a patch antenna operates at its resonant frequencies,
its characteristic impedance can be described as [24]

60c?
Z(fp) = WTfRZ’ (7
where W represents the width of the antenna.

When the crack sensor is interrogated by a network
analyzer via a coaxial line connected with the feed point, the
impedance of crack sensor Z;,; is tailored to match the
resistance of coaxial line R, at the crack sensor’s resonant
frequency in order to minimize the reflected wave due to the
medium discontinuity, which can be expressed as

Zinz = Ry (¥

Substituting equations (1)—(7) into (8), the new equation
can be derived as

sensor as a function of the overlapped length.

fR = fR (AD),

Due to the detachable scheme of the transmission line,
the proposed sensor can measure the displacement or crack
width if each microstrip line is bonded with one side of a
crack. The relative displacement of two microstrip lines will
increase by the same amount as the crack propagates, which
leads to the decrease of the overlapped length, and subse-
quently the resonant frequency of the crack sensor will shift.
Crack width can be quantitatively determined once the rela-
tionship between resonant frequency of the crack sensor and
crack width is established.

(10)

2.2. Design of crack sensors

2.2.1. Two prototypes of crack sensors. The cantilevered
upper microstrip line of the proposed crack sensor should be
firm enough to keep the gap distance stable. To meet this
requirement, we propose two solutions for the cantilevered
microstrip line.

(1) Prototype I: The capacitor gap filled with a dielectric
slab.

As shown in figure 4(a), the parallel plate capacitor
between microstrip lines is filled with a dielectric slab.
The upper microstrip line is supported by the slab, which
can move freely on the surface of the antenna substrate.
The dielectric slab with the upper microstrip line is fixed
with a connecting member. It is worth mentioning that
the relative dielectric constant of the connecting member
should be close to 1, which can be achieved with
polymethacrylimide (PMI), which assures the induced
electromagnetic field of the crack sensor will not be
influenced by the connecting member.

2 2
% i (tan - E)(l” mADZ 2
2, 27, - 602 . fz 7 (tan - @)(zu A
Z —|—j(tan "k ﬁ)(zb —AN=E Emr W ¢
c W
Z, — o R, ©)
—< +](tan Tk Jsj)(lh — ADZ,
. 27ty W22 Ankdfy
Z, + j|tan Ve |a, — Ab)z, g o N
. Tifg c EmrW
Zy + jl tan g |, — Al
b ]( " «/_)( b ) W

In (9), ¢, k and R, are constants, while W, w, I, I, d, <,,
Emrs Zp and Z,, are determined by the dimensions of the crack
sensor, the material of substrate and the intermediate medium
of the capacitor. Therefore, when a crack sensor is manu-
factured, the resonant frequencies of the crack sensor f, are
influenced only by the overlapped length Al of the capacitor.
We can write the resonant frequency of a fabricated crack

The ground plane of the antenna and the connecting
member are attached onto each side of a crack using
adhesive glue. This detachable structure of the sensor
will guarantee that no deformation of the substrate and
no stress concentration issue is caused by a crack
opening.

(2) Prototype II: The L-shaped cantilevered upper micro-
strip line.
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Figure 4. Two prototypes of crack sensors.
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Figure 5. Dimension of crack sensors.

Table 1. Optimal dimension of Prototype I (Unit: mm).

Parameters L w L,

W Iy w L, h

Dimensions 454 39.0

20.6

350 80 50 160 05

As shown in figure 4(b), the cantilevered upper micro-
strip line is a L-shaped copper beam. Its cantilever beam
overlaps with the bottom microstrip line forming a capacitor
filled with air. Likewise, the connecting member connects to
the L-shaped upper microstrip line, and the integral part is
attached to one side of a crack.

2.2.2. Dimension design of crack sensors. A half-
wavelength rectangular patch antenna has a dielectric
substrate sandwiched between a radiation patch and a
ground plane; thus, its initial resonant frequency can be
calculated as [25]

Jro

C
T 2Ly + 2ALY 5

(11)

where L; is the length of the top radiation patch, AL, is the
additional electrical length compensating the fringing effects
due to the substrate thickness, and e, is the effective
dielectric constant of the substrate, depending on the
dimension of the antenna and relative dielectric constant of
substrate &,.

Rogers RT/duroid 5880 is selected as the sandwiched
substrate with a relative dielectric constant equal to 2.20. The
thickness of the substrate is 0.5 mm, the standard size of this
off-the-shelf item. The rectangular patch antenna is designed
to operate approximately at the fundamental resonant
frequency of 5GHz for both prototypes. According to
equation (11), the length of the radiation patch is given as
20.6 mm. The width of the radiation patch is 35 mm, as
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Figure 6. The finite element models of crack sensors.

recommended by [26]:
c e+ 1

W=
2fro

(12)

The substrate and the ground plane have a dimension of
45.4mm x 39 mm. For the crack sensor of Prototype I, the
dielectric slab is the same material and thickness as the
substrate, so the perpendicular distance between bottom
microstrip line and upper microstrip line is determined as
0.5 mm. For consistency, we choose the gap distance of the
capacitor as 0.5 mm for the other prototype.

To match the characteristic impedance of the crack
sensor with the load of the connected coaxial cable as closely
as possible, the dimensions of the bottom and upper
microstrip lines should be optimized. The finite element
software HFSS 1is used to simulate the crack sensors with
different sizes of microstrip lines. The dimension parameters
of two prototype sensors are shown in figure 5 and the
corresponding dimensions are listed in tables 1 and 2.

3. Modeling and simulation of crack sensors

The finite element models of the two optimal crack sensors
with capacitive microstrip lines are established in HFSS and
shown in figure 6. The material of substrate and dielectric slab
are selected as Rogers RT/duroid 5880, and the selected
material of the L-shaped upper microstrip line is copper. The
boundaries of the radiation patch, the ground plane, the bot-
tom microstrip line, and the upper microstrip line are set as
perfect E, which means their surfaces are perfectly perpend-
icular to the electric field. The bonding between the radiation
patch, the ground plane and the bottom microstrip line are all
assumed to be ideal with the substrate. The crack sensor is
placed inside an air cube. The bottom surface of the crack
sensors is in line with the bottom surface of the air cube, and
the edge of the substrate is against the front surface of the
cube. For the remaining surfaces and edges of the crack
sensor, the distance between the sensor and the air cube in the
same orientation is set as a quarter wavelength corresponding

—The crack sensor with dielectric slab
—The crack sensor with L-shaped upper microstrip line

T
-10
-20
-30

1 2 3 4 5 6 7 8 9 10
Operating frequency(GHz)

Return loss(dB)

Figure 7. The return loss curves of two crack sensors with the same
overlapped length.

to the fundamental resonant frequency of the patch antenna.
For the radiation boundary of the air cube, only radiating is
assigned. The electromagnetic waves can be absorbed at the
boundary of the air cube, meaning the boundary is extended
to infinity.

3.1. Mode analysis of crack sensors

For numerical simulation, the initial overlapped lengths of
both prototype sensors are set at 4 mm. A frequency domain
solver is used to calculate the return loss curves within a
frequency range from 1to 10 GHz. The return loss Sy is
defined as [27]

Rt Zm%

(13)
R, + Zinz

S“: IOIg‘

where Z;%; is conjugate with the input impedance of the crack
sensor Z;,3, which varies with the operating frequency. When
the crack sensor operates at its resonant frequencies, the
impedance of the crack sensor and the impedance of the load
match best. The crack sensor has multiple resonant modes.
For each resonant mode, the return loss curve has its local
minimum around the resonant frequencies, which can be
described as

Su(fp) = min[Su(N) fr =6 <f<fy +6. (14)
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Table 2. Optimal dimension of Prototype II (Unit: mm).

Parameters L w L,

14 Iy w L L h

Dimensions 454 39.0 20.6

350 80 50 72 88 05

Table 3. The resonant frequencies and return loss of two crack
Sensors.

Prototype 1 Prototype II

Resonant fre- Return Resonant fre- Return
Order quency (GHz) loss (dB)  quency (GHz) loss (dB)
1 3.5380 —1.13 3.6668 —6.74
2 5.0428 —7.89 5.0783 —30.47
3 5.9125 -5.29 5.9450 —11.53
4 8.0332 —3.78 8.1132 —3.34
5 9.6021 —9.91 9.6414 —15.68

The return loss curves of two prototype crack sensors are
plotted in figure 7, and the resonant frequencies and
corresponding return loss are listed in table 3, all of which
were obtained from numerical simulation. Clearly, both crack
sensors have several resonant frequencies within the featured
frequency range. The corresponding resonant frequencies of
the two crack sensors are close. This indicates the form of the
upper microstrip line, either with a dielectric slab or a canti-
levered copper beam, has limited influence on the resonant
modes. Notably, the return loss of the Prototype II crack
sensor has a smaller band width and a better noise-to-signal
ratio at resonant frequencies than that of Prototype 1. This
proves that the sensor with the L-shaped upper microstrip line
has better impedance matching than the sensor with the di-
electric slab.

Taking the Prototype II crack sensor as an example, it has
five resonant modes and corresponding resonant frequencies
in a range from 1 to 10 GHz. The distribution patterns of the
induced current on the radiation patch for each mode are
illustrated in figure 8.

When the dimensions of the radiation patch are invari-
able, the induced current effect on radiation is solely depen-
dent on time, which can be expressed as

=% (15)

dt’
where i is the induced current, and Q represents the quantity
of electric charge. For the capacitor in the load of the patch
antenna, the quantity of electric charge is relevant to the
capacitance described by the following formula

0=CU, (16)
where U is the voltage between the two parallel plates of the
capacitor. Substituting equations (16) and (5) into

equation (15), the relationship between the induced current
and the overlapped length of the capacitor can be derived.
_ EmwALOU

—. 17
4mtkd Ot (7

For resonant modes, the voltage of the capacitor har-
monically oscillates with respect to time, which also applies
to the current. According to equation (17), the amplitude of
the induced current in the capacitive microstrip line will lin-
early vary with the overlapped length when the crack opens,
further influencing the amplitude of the induced current in the
radiation patch. Any change to the crack sensor’s induced
current will lead to a shift in resonant frequency [28].

For the first-order mode, the induced current comes from
the bottom microstrip line and diffuses from the intersection of
the radiation patch and the bottom microstrip line to the other
three sides of the radiation patch. When the overlapped length
of the pair of microstrip lines alters, the amplitude of induced
current in the microstrip lines and radiation patch will vary.

The fundamental resonant frequency of the one-piece
rectangular patch antenna was initially designed at around
5 GHz. Now this mode has become the second-order mode of
the integral crack sensor because the capacitor in the trans-
mission lines introduced a lower-order resonant mode with
the current emitted from the capacitor. The induced current of
the radiation patch flows along its longitudinal direction, and
it is neutralized near the intersection area by the induced
current coming from the bottom microstrip line because of
their opposite directions. Basically, the change of the induced
current amplitude has nothing to do with the overlapped
length near the intersection area.

In the initial phase of the third-order mode, the induced
current diffuses from the middle to both sides of the radiation
patch and flows into the bottom microstrip line at a higher
level, superimposed to the current emitted from the microstrip
line. The superimposed current still depends on the shifting of
the overlapped length. Because the Prototype II crack sensor
has a low return loss at this mode, its resonant frequency is
recommended for crack width sensing.

At the fourth and fifth-order modes, the induced current
has multiple numbers of quarter waves in both directions. The
coupled mechanism of the patch and the capacitor due to the
complicated distribution pattern of the induced current cannot
be explained and understood intuitively. It is worthy of
experimental investigation in the future for possible adoption
of the higher-order parameters as a sensing feature.

In conclusion, based on the extracted features of the
proposed multi-mode sensors, the third-order resonant fre-
quency of Prototype I and the first-order resonant frequency
of Prototype II were chosen to monitor crack width.

3.2. Performance simulation of the crack sensor

3.2.1. The simulation of Prototype I. For the Prototype I
crack sensor, the initial state of the crack sensor is two
microstrip lines that fully overlap the length of the capacitor,
which is equal to an 8 mm length of the bottom microstrip
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Figure 8. Distribution of induced current of crack sensors at different modes.

realized by applying a relative displacement between the

8to 2mm to simulate a crack propagation from 0 to 6 mm bottom and upper microstrip lines at an incremental step of

correspondingly. In the simulation, crack propagation is

0.1 mm. The return loss curve around the resonant frequency
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Figure 11. The scatter diagram and fitted line of crack width-
resonant frequency of Prototype I crack sensor at second-
order mode.

of the third-order mode is acquired at each crack width level,
as shown in figure 9.

The third-order resonant frequency of the crack sensor is
extracted from the return loss curve at each crack width level.
The scatter diagram of resonant frequencies and the crack
width is plotted in figure 10. For a crack width from 0 to
4mm, no clear relationship exists between the resonant
frequency and crack width, while the resonant frequency
varies approximately linearly with the crack width between
4 mm and 6 mm.

For structures, a wider crack will accelerate the carbona-
tion of concrete and the corrosion of the steel bars inside. So,
the crack width is usually limited to a sub-millimeter level in

Return loss(dB)

34 345 3.6 3.7 3.8 3.9 4.0
Operating frequency(GHz)

Figure 12. The return loss curves of the Prototype II crack sensor.
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Figure 13. Scatter diagram and fitted line of crack width-resonant
frequency of the Prototype II crack sensor.

building codes and standards [29-31]. Therefore, the effective
measuring range is assigned within 1 mm. Based on the
simulation result, the overlapped length between 3.4 and
24mm are selected for sensing the width, where the
correlation coefficient of the fitted line is closest to 1. The
slope of the fitted line representing the sensitivity coefficient of
the crack sensor is 0.0501 GHzmm ™!, with the resonant
frequency of the crack sensor shifting 0.0501 GHz per
millimeter. The orientation of crack is perpendicular to the
longitudinal direction of crack sensor in our research. For other
cases, the sensitivity coefficient needs to be adjusted by
multiplying the cosine of the angle between the normal
direction of crack and the longitudinal direction of sensor.

To verify the mode analysis, the second-order resonant
frequency of Prototype I is extracted for each width
increment, as plotted in figure 11. Obviously, the dataset
between the frequency and the width are scattered more
severely than that of the third-order mode. The potential
segment utilized for sensing is only with the highest
correlation coefficient of 0.8283, indicating that it is not the
optimal choice for the extracted feature quantifying crack
width.

3.2.2. The simulation of prototype Il. For the crack sensor
with the L-shaped upper microstrip line, the maximum
overlapped length of the bottom microstrip line and the
upper microstrip line is 7.2 mm, which is the length of the
cantilever copper beam of the upper line. The range of crack
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Figure 15. Simulator for crack propagation. Figure 16. The experimental setup.

width is assigned from 0 to 6 mm, which means the

. —Measured ‘
overlapped length decreases from 7.2to 1.2mm to avoid 22,00 casurec curve

- -Fitted curve

letting the overlapped length become too small. The return &

loss curves are obtained numerically for each width step, and %_23 00

the segment around the first-order resonant frequency is i '

shown in figure 12. Ei
Then, we plot the first-order resonant frequency of e -24.00

Prototype II against the crack width in figure 13. Compared

with figure 10, the first-order resonant frequency of the sensor 25.00- J

increases monotonically with the crack in a more reliable 6.02 6.03 . 604 6.05 6.06
.. . . Operating frequency(GHz)

manner. Similarly, the appropriate segment for width

measurement were identified with the overlapped length from Figure 17. Comparison of measured curve and fitted curve.
3.2to 2.2 mm. The sensitivity coefficient of Prototype II is
0.0711 GHz mm " 4.1. Instrumentation setup

A device able to simulate the crack propagation is shown in
figure 15. A fixed table and a fine tuning table are mounted on
4. Experiment of crack sensor one base plate, and the fine tuning table can move toward and
against the fixed table, which is controlled by a screw

Rogers RT/duroid 5880 was selected as the middle substrate ~micrometer rod with a minimum precision of 0.01 mm.

of the rectangular patch antenna and the bottom microstrip The sharing integral part was attached to the fixed table
line. This sharing integral part for both prototypes and the by glue, and the dielectric slab or the L-shaped upper trans-
dielectric slab with the upper microstrip line described in mission line was bonded with the tuning table by adhesive
table 1 were tailored by a professional institute. And the tape, acting as the connecting member. The upper microstrip
cantilevered copper beam of Prototype II was manufactured line was connected to a Keysight N5227A PNA Network
from a copper block. The two different sensor prototypes of Analyzer (Keysight Technologies, Santa Rosa, CA, USA )
sensors with capacitive microstrip lines are shown in using a coaxial cable shown in figure 16. The PNA feeds the
figure 14. patch antenna with the electromagnetic wave within a certain

10



Smart Mater. Struct. 28 (2019) 085012

S Xue et al

6.06 - 1
f2=0.0194w+6.0385
R2=0.9857

S
=
S

Resonance frequency(GHz
[*))
=
=
*

0.0 0.2 0.4 0.6 0.8 1.0
Crack width(mm)

Figure 18. Resonant frequency with respect to crack width of
Prototype 1.

frequency range around the resonant frequency determined by
simulation through the microstrip transmission line and
receives the reflected wave by the antenna. In this way, the
return loss curve of the crack sensor can be obtained.

The crack propagation experiments were carried out for
each prototype sensor.

(1) Prototype I crack sensor: the crack width was simulated
from O to 1 mm, setting the crack sensor with the initial
state of the overlapped length equal to 3.4 mm. The
crack was opened wider from 0 to 1 mm at a step of
0.1 mm using a screw micrometer rod. For each step,
the return loss curve of the crack sensor was measured
using the PNA five times by sweeping the interrogation
frequency from 5.75 to 6.25 GHz with a frequency step
of 100 kHz.

(2) Prototype II crack sensor: the initial state of the crack
sensor with the L-shaped upper microstrip line was set
at an overlapped length of 3.2 mm. The crack sensor
was tested at different width increment resolutions. The
crack width was increased from 0 to 1 mm at a width
resolution of 0.1 mm, with the overlapped length
decreased from 3.2 to 2.2 mm. At a finer resolution of
0.01 mm, the crack sensor was tested with the opening
of crack from 0 to 0.1 m. For each step, the return loss
curve of the crack sensor was extracted from the PNA.
The frequency sweepings are all from 3.5 to 4.0 GHz. A
total of 5001 frequency points were obtained.

4.2. Results and discussion

To reduce experimental error, the return loss curves of the
crack sensor were tested five times at each crack width level.
The quartic polynomial curve was utilized to fit the return loss
curve around the area of desired resonant frequencies. The
resonant frequency at the local minimum was extracted for
each curve. The comparison of the measured curve and fitted
curve around the desired resonant frequencies is shown in
figure 17. Five identified resonance frequencies of the crack
sensor were averaged at each crack width level. The Dixon
criterion [32] was used to eliminate the outlier from this data
set judged by a given confidence level of 95%.

3.85r 1
fr=0.1468w+3.6849
R?=0.9819

W
e}
(=]

Resonance frequency(GHz)
W

0.0 0.2 0.4 0.6 0.8 1.0
Crack width(mm)

Figure 19. Resonant frequency with respect to the crack width of
Prototype 1I.

4.2.1. Result analysis of prototype | crack sensor. Before the
crack propagation experiment, the resonant frequency of the
Prototype I sensor predicted by the numerical simulation was
first validated by a PNA network analyzer sweeping in the
state of the overlapped length equal to 3.4 mm. Its initial
resonant frequency of the third mode was 6.0393 GHz,
slightly differing from the simulated frequency of
5.9355 GHz with a relative error of 1.72%.

As the crack gradually opened, the third-order resonant
frequency of the crack sensor was retrieved at each width
level and linearly fitted with respect to the crack width, as
shown in figure 18. The correlation coefficient of the fitted
line is 0.9857, indicating that the third-order resonant
frequency of Prototype I has an excellent linear relationship
with the crack width.

The measured sensitivity coefficient of the third-order
resonant frequency to width was 0.0194 GHz mm™", which
deviated significantly from the simulated sensitivity of
0.0501 GHzmm™"'. This big difference is probably due to
the following reasons.

(1) There was practically a gap between the bottom
microstrip line and dielectric slab, which was filled
with air. This situation did not coincide with the
simulation on the parallel gap filled only with RT5880
between the bottom and upper microstrip lines, causing
a difference between the simulation and experiment.

(2) During the experiment, the symmetric axis of microstrip
lines may not be aligned with each other, making the
overlapped area different from simulations. Further,
there is nonlinear relationship between the capacitance
and the overlapped length of the capacitor when
two microstrip lines are not parallel to each other,
magnifying the difference between simulations and
experiments.

(3) In the experiment, the end of the upper microstrip line
was soldered with a coaxial cable connecting the PNA.
The position, size and shape of the soldering point
influenced the impedance of the transmission line and
subsequently altered the resonant frequencies of the
crack sensor.

(4) The electromagnetic interference coming from the
surroundings’ reflection [33] and the environmental
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Figure 20. Resonant frequency with respect to crack width of
Prototype II (Step:0.01 mm).

temperature [34] will also have an effect on the resonant
frequencies of crack sensors in experiments.

4.2.2. Result analysis of prototype Il crack sensor. Similarly,
we verified the simulated resonant frequency of the Prototype
II sensor at the initial state through sweeping wave excitation
by a PNA. The measured resonant frequency at the first-order
mode was 3.6862 GHz with a slight difference in the
simulation result of 3.726 5GHz (i.e., a relative error
of 1.08%).

The crack opening experiments were conducted at two
different width resolutions. For a coarser resolution of
0.1 mm, the first-order resonant frequency of Prototype II
was obtained and fitted with respect to the crack width, as
presented in figure 19.

The correlation coefficient of the fitted line between the
frequency and the crack width is 0.9819. The measured
sensitivity coefficient of Prototype II is 0.0711 GHzmm ',
while the simulated sensitivity is 0.1468 GHzmm '. The
possible reasons for this substantial difference are the rough
bottom surface of the L-shaped upper microstrip line,
misalignment between the pair of microstrip lines, variable
shapes of the soldering point between the transmission line
and the coaxial cable, and environmental noises.

The crack opening was repeated at a finer resolution of
0.0lmm from 0.0to 0.1 mm. Likewise, the first-order
resonant frequency of Prototype II which varied with the
width is plotted in figure 20 with a linear fitting. The
correlation coefficient is 0.9697, and the sensitivity coeffi-
cient of the crack sensor is 0.1581 GHzmm ™', exhibiting a
bit difference from the former test. This demonstrates the
disturbances are prone to be magnified due to the tiny
resonant frequency shift of the crack sensor under the fine
step. Apparently, Prototype II can achieve better resolution of
0.01 mm, and has more reliable performance than Prototype 1.

5. Conclusions

This paper demonstrated a novel crack sensor based on a
patch antenna fed by capacitive microstrip lines, which are
capable of sensing crack widths on a structure. Simplified by
the model of transmission line for a patch antenna, a linear

12

relationship exists between the resonant frequency of crack
sensors and the overlapped length between the bottom and
upper microstrip lines of the crack sensors. Two crack sensor
prototypes were designed and fabricated using a dielectric
slab and an L-shaped upper microstrip line, respectively. The
experiment results validated that the extracted resonant fre-
quencies of crack sensors depend on crack width as a linear
function, and a crack sensor with an L-shaped upper micro-
strip line can detect a crack width within a hundredth of a
millimeter. The sensitivity coefficients of the crack sensors
obtained from experiments differed significantly from the
value of numerical simulations due to fabrication errors and
environmental interference.

In the future, we will explore chipped crack sensors via
wireless interrogation to cancel the effects caused by the
soldering point of the coaxial cable. When using radio fre-
quency identification, the novel method to extract the features
of antenna sensors will be adopted, such as transient
responses from in-phase quadrature signal [35], overcoming
the challenges of low sensitivity and robustness along with
the power-based features. Furthermore, in order to reduce the
dimensions of sensors, the attention on miniaturization will be
paid, which can be realized by redesigning the shape of
radiation patch [36, 37].
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