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Painting-Type Passive Loose-Bolt Sensing
Based on Abnormality-Induced Changes

in Waveguide Resonance
Eri Matsunaga , Tadashi Minotani, Member, IEEE, and Masayuki Tsuda

Abstract—The ability to detect abnormalities in infrastruc-
ture automatically and remotely with a small number of
sensors would greatly contribute to efficient and timely
infrastructure inspection. Here, we propose a passive sensor
that can be installed by painting. The painted waveguide-
based sensor detects abnormalities in infrastructure from
abnormality-induced changes in the resonance frequency of
electromagnetic waves resonating inside the sensor. In this
paper, the principle of detecting loose bolts with the painted
waveguide-based sensor is demonstrated by simulation and
experiment. The sensor is designed and fabricated as a res-
onator with resonance frequencies from 100 kHz to 2.5 GHz,
which includes the UHF radio-frequency identification band,
and the measurement frequency was set within this range. The fabricated sensor is capable of detecting not only a single
loose bolt but also two or more loose bolts on the waveguide of the sensor to monitor.

Index Terms— Electromagnetic wave, resonance, painting, waveguide, loose bolt, infrastructure.

I. INTRODUCTION

IN RECENT years, infrastructure degradation has become
a problem in developed countries. In Japan, many types of

infrastructure constructed during the period of rapid economic
growth in the 1950s through the 1970s are approaching
the end of their average usage period [1]. Infrastructure is
regularly inspected visually and in hammering tests [2], [3].
For example, cracks in bridges are detected visually as cracks
in painted film accompanied by rust water, and then con-
ducting nondestructive testing, mainly with penetrants [4].
To check for loosened bolts, visual inspections using mark-
ings or axial force measurements using ultrasonic waves are
performed [5], [6]. However, the determination of abnormal-
ities in the initial stage largely depends on the experience
of the inspector [7], and facility inspections are costly and
labor-intensive because inspectors have to bring measurement
instruments and other equipment to the site for individual
inspections. In addition, infrastructure may have complicated
and diverse shapes with many blind areas or may be located
in high places, making them difficult to access and inspect
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on a regular basis. Therefore, there is a great need for the
ability to monitor the conditions of infrastructure by using
sensors [8], [9].

Small cracks and loose bolts can lead to major accidents,
such as bridge collapses [10], [11]. In particular, inspection for
the loosening of bolts, which occurs due to repeated loads and
vibrations, is important because a huge number of bolts are
often installed at joints. Sensors to detect bolt loosening have
been demonstrated, which have used tension indicator methods
with a special washer put under the bolt head or nut [12], [13],
methods based on piezoelectric elements [14], [15], and image
processing [16], [17]. Although the sensitivities of these
sensors are high, there are some issues in using them in
practice. Sensors designed for detecting a loose bolt must
be installed for each bolt, so the number of sensors will be
huge [12]–[15]. Although image-processing systems can detect
multiple bolts simultaneously, they require lighting, a suitable
environment for installing a camera, and a power supply.
Moreover, image-processing systems are not suitable for use
in blind areas or buried environments [18]. For sensors to be
practical, they should be low cost and able to be installed in
small numbers and still be effective. Moreover, they should
able to use wireless from an accessible location [19]. As well,
their operational costs once they have been installed, i.e., the
costs of replacing their electronic boards, active electronics
and batteries, have to be low [20]. The need for extensive
coverage also requires the sensors to follow the shape of
complex infrastructure components.
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Fig. 1. Basic structure of painting type sensor based on waveguide.

We have developed a paintable wireless passive sensor based
on a waveguide that does not require batteries, which can be
easily applied by simply painting along an arbitrary surface
shape [21]. We previously demonstrated that cracks can be
detected by changing the resonance frequency of the sensor’s
electromagnetic waves. To detect abnormalities without bat-
teries and active electronics, we have also demonstrated that
sensor works as a paintable wireless passive sensor [22]. The
sensor has an antenna made of the same kind of paint to supply
wireless power from external equipment to the sensor.

In this paper, we focus on inspection of bolts collectively
installed in a joint and develop a sensor structure can detect
loosening of multiple bolts with a single sensor element. With
the aim of achieving the same level of detection accuracy
as conventional visual inspection and image-processing tech-
nology, we have proposed a sensor principle for detecting
the looseness of one bolt, demonstrated the detection, and
evaluated the sensitivity [22]. In this study, we apply its
detection principle to a single sensor element capable of
detecting the looseness of a plurality of bolts and demonstrate
its operation.

II. THEORY AND DESIGN CONCEPT OF

PAINTING-TYPE SENSOR

A. Basic Structure of the Sensor
Figure 1 shows the basic structure of the painting-type

sensor based on a waveguide. The sensor can be easily applied
by simply painting the surface of an object. It can be applied
to equipment with complex shapes and many bolts, such
as infrastructure equipment. It can also be applied with a
machine, such as a printer [23], [24], or can be applied directly
with a spatula in the field where a printer is not available. The
basic structure of the sensor is a transmission line (parallel
plate waveguide) consisting of a three-layer structure in which
an insulating layer through which electromagnetic waves
propagate is sandwiched between upper and lower conductive
layers. By using electromagnetic waves, i.e., high-frequency
waves, a parallel plate waveguide structure can be used for
wireless inputting and outputting of electromagnetic waves
and sensing of multiple types of abnormality. The conduc-
tive layers confine electromagnetic waves in the insulating
layer and eliminate the effects of contamination, such as
dust adhesion to the sensor surface. If the infrastructure is
composed a conductive material, the lower conductive layer
can be omitted because the surface of the infrastructure plays
that role. In that case, the sensor consists of two layers.
Electromagnetic waves propagate into the sensor from the

Fig. 2. Sensor structure for detection of a single loose bolt. (a) Top
view. (b) Cross-sectional view. The bottom left and bottom right images
show the fastened and loosened bolt and the corresponding equivalent
circuits.

outside wirelessly or through a wired connection, and the
reflected waves are observed. When an abnormality such as a
loose bolt or a crack occurs, the position of the reflection point
of the electromagnetic wave and the reflection path change,
and the abnormality can be detected.

B. Sensor Design for Detecting a Single Loose Bolt
Figure 2 shows the sensor structure for detecting of a single

loose bolt. From the left side of the sensor, a high-frequency
electromagnetic wave is introduced through a microstrip line
(MSL) [25], [26]. At the right side of the sensor (length of Ls

from sensors left edge), a conductive bolt is fastened through a
via hole. The size of the hole is larger than the diameter of the
bolt thread so that the side surface of the bolt thread and the
end face of the hole of the conductive layers do not come into
electrical contact with each other. When the bolt is fastened,
electrical contact between upper and bottom conductive layer
is established through the bolt head and nut. This is defined
as the normal initial state. If the bolt is loosened, electrical
contact between the upper and bottom layer is broken. When
the resistance component of the transmission line is negligible
and the contact point between the MSL and the waveguide
structure is defined as the sending end, the equivalent circuits
in the case of a fastened and loosened bolt are shown in the
lower part of Fig. 2. The sensor impedance when the bolt is
fastened and loosened are given by

Z = Z0 tanh γ Ls (1)

and

Z = Z0 coth γ Lo (2)

respectively [27], where Z is sensor impedance, Zo is char-
acteristic impedance, γ is the propagation constant, and Lo is
the total length of the sensor structure. The frequency response
when the bolt is fastened is determined by Ls . Because the
sensor is electrically closed at the location of the bolt defined
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Fig. 3. Conceptual diagram of the frequency characteristics of the sensor
impedance based on the equivalent circuit.

Fig. 4. Top view of electric field distribution (m = n = 1) in the insulating
layer and resonance conditions.

by Ls becomes a resonance node. Resonance condition when
Z becomes infinite is given by

Ls = λm

4
m (m = 1, 3 . . .) (3)

where m is an odd number, and λm is the mth mode’s
wavelength in the medium. The resonance occurs when Ls

is an odd multiple of λm/4.
On the other hand, when the bolt is loosened, the right

end of the sensor is electrically open because the electrical
short circuit between the upper and lower conductive layers
is lost. The frequency response when the bolt is loosened is
determined by Lo. The resonance condition when Z becomes
infinite is given by

Lo = λn

2
n (n = 1, 2 . . .) (4)

where n is natural number, and λn is the n th mode’s
wavelength in the medium. Resonance occurs when Lo is an
integral multiple of λn/2, that is, when the effective length of
the sensor changes from Ls to Lo.

As described above, the resonance condition changes due
to the change in electrical conduction between the conductive
layers depending on the fastening and loosening of the bolt,
and the resonance frequency is determined. A conceptual dia-
gram of the frequency characteristics of the sensor impedance
based on the equivalent circuits is shown in Fig. 3, and the
electric field distribution (m = n = 1) in the insulating layer
and the resonance condition of the circuit model, obtained
by electromagnetic field simulation, are shown in Fig. 4.
The electromagnetic field simulation was performed using
HFSS Electromagnetic version 20.1. The hybrid finite-element
boundary integral method with both the finite element method
and an integral equation was used to handle the large-scale
calculations more accurately in less simulation time [28]. The
simulation results suggest that the proposed design can detect
loose bolts by using changes in the resonance frequency.

Fig. 5. Sensor structure for identifying a loose bolt among multiple
bolts. (a) Top view of the sensor structure and the electric field distribution
(m = n = 1) in the insulating layer. (b) Cross-sectional view of the sensor.

As for detection of a single loose bolt, as shown in Fig. 3,
if the bolt or nut is completely separated from the conductive
layer and the electrical contact between the conductive layers
is broken, and it is possible to detect bolt loosening even with
direct current (DC) or near-DC. However, as we will show
in section IV, the detection sensitivity of near-DC for a single
loose bolt is inferior to that of detection at high frequency and
a loose bolt among multiple bolts cannot be detected with DC
or near-DC.

C. Sensor Design for Identifying a Loose Bolt
Among Multiple Bolts

To detect a single loose bolt, an electromagnetic wave is fed
from the end of the sensor to a bolt installed on the opposite
side as shown in Fig. 2. When the bolt is fastened, the res-
onance frequency is determined by the distance between the
feeding point and the bolt. When the bolt is loosened, the fre-
quency response changes, and the resonance frequency is
determined by the entire quasi-one-dimensional sensor length,
namely the total of the length from the feed point to the
bolt and the extra length (the length between each bolt and
the end of the sensor opposite the feed point). To monitor
multiple bolts with a single feeding point, the number of
quasi-one-dimensional waveguides increases with the number
of bolts from the feed point. To identify the loose bolt among
multiple bolts, the extra length should be changed. This allows
us to design a sensor that can distinguish and detect the
loosening of multiple bolts from a single feeding point.

Fig. 5 shows the sensor structure for demonstrating how
the sensor can be used to identify a loose bolt among multiple
bolts. The MSL is located between the bolts, and it is designed
so that the extra lengths of each bolt are different:

L A �= L B (5)

L A is the extra length between the left bolt A and the
left edge of the sensor, L B is extra length between the right
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Fig. 6. Appearance of fabricated sensors. (a) Sensor with single bolt
installed (see Fig. 2 for the structure). (b) Sensor with multiple bolts
installed (see Fig. 5 for the structure).

bolt B and the right edge of the sensor. When the two bolts
are fastened, a resonance condition is established where the
electric field intensity is zero at the positions of bolt A and
bolt B. The resonance condition is given by

Ld = λsn

2
n (n = 1, 2 . . .) (6)

where Ld is the distance between bolt A and bolt B, n is
a natural number, λsn is the nth mode’s wavelength in the
medium when the two bolts are fastened.

On the other hand, when bolt A is loosened, the electric
field intensity at its position has a finite value and resonates
at length LoA, which is the sum of Ld and the extra length
L A. The resonance condition is given by

LoA = λoAm

4
m (m = 1, 3 . . .) (7)

where m is an odd number, and λoAm is the mth mode’s
wavelength in the medium when bolt A is loosened. Similarly,
when bolt B is loosened, the resonance condition is given by

LoB = λoBm

4
m (m = 1, 3 . . .) (8)

where LoB is the sum of Ld and the extra length L B , m is an
odd number, and λoBm is the mth mode’s wavelength in the
medium when bolt B is loosened.

Fig. 5 also shows the results of an electromagnetic field
simulation of the electric field distribution (m = n = 1)
in the insulating layer and the resonance conditions in the
circuit model. The resonance wavelengths of each mode are
different for each bolt because the extra lengths of each bolt
are different from each other, i.e.,

λoAm �= λoBm (9)

As described above, a loose bolt among two bolts (or among
multiple bolts) can be identified by controlling the resonance
frequency when the bolt is loosened using the difference in
the extra length.

III. FABRICATION AND EXPERIMENTAL SETUP

A. Fabricated Sensors
Figure 6 shows the appearance of the fabricated sensor.

Stainless steel plates with a length of 120 mm, width
of 30 mm, and thickness of 0.5 mm were prepared, and they
correspond to infrastructure fixed with a bolt. Two sensor
layers were applied by painting the top surface of the plate.

Fig. 7. Setup of frequency response measurement.

The top conductive layer consisted of commercially available
conductive paint [29] that is composed of polyester resin
containing silver powder and has conductivity of 1.4×106 S/m
and a curing time of 3 hours at 25◦C. The conductive paint
layer was dried in a dryer set at 55◦C for about 1 hour. The
painted had a length Lo of 100 mm, width of 10 mm, and
target thickness of 0.05 mm. The thickness of the conductive
paint was evaluated at five points on each sensor. The average
thickness for each sensor was 0.038 mm; we concluded that
these thickness variations would have no effect if the paint is
thicker than the skin depth. The lower layer was applied using
a commercially available insulating paint composed of epoxy
resin that has a dry tack time of 6 hours at 25◦C and relative
permittivity εr of 3.5 on the stainless steel plate. The insulating
paint layer was dried in the dryer at 55◦C for about 1 hour.
The target thickness was 0.4 mm and the width and length
were 4 mm larger than those of the conductive paint layer to
prevent an electrical short circuit between the stainless steel
plate and the conductive paint. The thickness of the insulating
paint was evaluated at five points on each sensor, and the
average thickness was 0.44 mm, with a maximum variation of
±30 % within all sensors. The entire length of the sensor, Lo,
was designed to be almost the same as a half -wavelength in
the medium in the ultra-high frequency (UHF) band, which
is the fundamental wave when all the bolts in the sensor are
loosened as shown in Fig. 6(a) or (b). In the sensor with a
single bolt installed, an MSL with a length of 7 mm to feed
the electromagnetic wave into the sensor was fabricated on one
side of the sensor by using the same paints. Ls was designed to
be 80 mm in order to observe the first- and third-order modes
in the measurement frequency range. In the sensor with two
bolts installed, Lsn was designed to be 50 mm, LoA to be
80 mm (extra length was 30 mm), and LoB to be 70 mm
(extra length was 20 mm). An MSL with a length of 7 mm
was fabricated just midway between the bolts. This is because
the resonance frequency when the two bolts are fastened is
designed to shift to the long wavelength side and the short
wavelength side when each bolt is loosened in the range
near the resonance frequency. This reduces false positives of
identifying loose bolts when monitoring in a narrow frequency
range.

B. Measurement and Evaluation
Figure 7 shows the setup of the frequency response

measurement. A vector network analyzer (VNA, N5063A,
Keysight) was used to input electromagnetic waves to the
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sensor and detect the reflected waves to measure the fre-
quency response of the sensor impedance (1-port measure-
ment). A coaxial cable connected to the network analyzer was
connected to the connector at the end of the MSL, and AC
voltage was applied to generate and propagate electromagnetic
waves in the insulating layer for the reflection measurement.
Calibration was performed at the end of the coaxial cable. The
measurement frequency was set from 100 kHz to 2.5 GHz,
which includes the UHF radio-frequency identification (RFID)
band. The sensor impedance (input impedance) was obtained
from the reflected wave (reflection coefficient, S11) of the
S-parameter [30] measured by the network analyzer:

Z = Z0
(1 + S11)

(1 − S11)
(10)

To evaluate the frequency response of the sensors, bolts
with a diameter of 5 mm (SUS M5 bolts) were used, and the
S-parameters were measured by the network analyzer when
the bolt was fastened and when it was completely loosened.
The fastened state was measured when the bolts were torqued
to 3.0 N · m, which is the standard value of the standard
T series for M5 bolts. The standard T series is the general
tightening torque applicable to SS, SC, and SUS with strength
classifications of 4.6 to 6.8, and it is applied to ordinary
bolts, unless otherwise specified [31]. The loosened state was
measured when the distance between the nut and the plate
corresponding to the structure was 6 mm, and the nut was
completely separated from the plate.

To estimate the minimum detection angle of bolt loosening,
we examined the change in the resonance frequency against
the bolt-rotation angle. The bolts were fastened to 3 N ·m and
then loosened in 5-degree increments up to 90 degrees. The
S-parameters were measured by the network analyzer at each
bolt-rotation angle.

IV. RESULTS AND DISCUSSION

A. Detection of a Single Loose Bolt
Fig. 8(a) and (b) show the simulated and measured fre-

quency response of the impedance of the sensor shown in
Fig. 6(a). The simulated frequency response could be repro-
duced according to (1) and (2) in Fig. 3 when the bolt is
fastened and fully loosened, respectively. At the first-order
resonance (m = 1) when the bolt was fastened, the impedance
is maximal at 0.50 GHz. This corresponds to a frequency at
which a quarter wavelength in the medium is Ls = 80 mm.
At the first-order resonance (n = 1) when the bolt was
loosened, the impedance was maximal at 0.74 GHz. This
corresponds to the frequency at which a half wavelength
in the medium is Lo = 100 mm. The measured frequency
response results show good agreement with the simulated
results. For the experimental impedance frequency response
curves, the first-order resonance (m = n = 1) appeared at
0.47 GHz when the bolt was fastened and 0.77 GHz when
it was loosened. The large difference in resonance frequency
enables us to determine whether a bolt is loose or not.
By the increasing measurement frequency, the impedance and
resonance damping are increased. This is mainly because
the conductive particles in the painted conductive layer are

Fig. 8. Simulated and measured frequency response of sensor
impedance when the bolt is installed at Ls = 80 mm. (a) Simulated result.
(b) Measured results.

Fig. 9. Relationship between bolt rotating angle from fastened state
and average resonance frequency change in three trials. The bolt was
fastened at 3.0 N · m before loosening. f1 is the resonance peak of the
lower-order mode (m = n = 1), and f2 is the resonance peak of the
higher-order mode (m = 3, n = 2).

non-uniform and the actual conductivity is lower than the value
used in the simulation.

To estimate the minimum detection angle of the bolt,
we examined the change in resonance frequency versus the
bolt-rotation angle. As shown in Fig. 9, we calculated the
average frequency change versus bolt-rotation angle in three
trials of loosening a bolt fastened at 3.0 N · m (corresponding
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to 0 degrees). We monitored the lower order mode (m =
n = 1; named f1) and higher order mode (m = 3, n = 2;
named f2). The f1 resonance frequency change from the state
where the bolt is fastened to the state where it is loosened is
larger than the f2. The f1 showed a clear frequency change at
a bolt-rotating angle of 35◦, while the f2 showed a gradual
frequency change starting at around 40◦. These conditions
are roughly equivalent to a manual-fastening condition. The
detection angle was also larger than in Ref. [16], where it was
evaluated by using image-processing technology.

To consider the transition from the fastened state to a
loosened one, we discuss the resonance condition in the case of
a bolt that is not fully loosened. When electromagnetic waves
are introduced at the incident point, the waves propagate to
the reflection point and return to the incident point. At the
reflection point, the phase of the wave rotates. The resonance
condition of the electric field amplitude in the loosening
process can be expressed by

k · 2L + θ = 2nπ (11)

where k is the wave number in the medium, L is the propa-
gation distance of the electromagnetic wave from the incident
to the reflection point, θ is the phase rotation angle at the
reflection point, and n is a natural number.

From Eq. (11), we obtain

L =
(

n

2
− θ

4π

)
λ (12)

where λ is the wavelength in the medium. When the bolt is fas-
tened, the electric field is zero at the reflection point L = Ls ,
so the electromagnetic wave resonates with a fixed-end reflec-
tion (θ = π). The same resonance condition as in (3) is
obtained by substituting θ = π , L = Ls , n = m, λ = λm

into (12). On the other hand, the electromagnetic wave res-
onates without phase rotation (θ = 0) when the bolt is fully
loosened. Here, the same resonance condition as in (4) is
obtained by substituting θ = 0, L = Lo, λ = λn into (12). The
change in resonance frequency caused by bolt rotation shown
in Fig. 9 is described by (12), and the resonance frequency
shifts to a shorter wavelength (higher frequency) during the
bolt loosening process. When the wavelength is short relative
to the total length of the sensor, the frequency change is also
small; hence, so the displacement of the higher order modes
is small.

To measure sensitivity accurately, difference in resonance
frequency between when the bolt is fastened and completely
loosened should be large. This is because the larger the
difference is, the larger the frequency change in response to
the loosening of the bolt becomes, and thus, the loosening of
the bolt can be clearly determined. For this reason, it is better
to use lower order modes with longer wavelengths, as shown
in Fig. 9. In addition, the frequency difference is given by

fon − fsm = c√
εr

(
n

2Lo
− m

4Ls

)
(13)

where fon is the resonance frequency in the nth mode when
the bolt is loosened, fsm is the resonance frequency in the mth
mode when the bolt is fastened, and c is the speed of light in

Fig. 10. Measured frequency response of sensor impedance when bolt
is installed in the center of the sensor (Ls = 50 mm). (a) Measured
results. (b) Sensor with single bolt installed and (c) top view of electric
field distribution in the insulating layer in each resonance mode.

a vacuum. We consider, for example, a case where the modes
under these experimental conditions (f1: m = n = 1 or f2:
m = 3, n = 2) are substituted. In terms of the design of the
present quasi-one- dimensional sensor, the bolt can be better
installed closer to one of the ends of the sensor to increase
the resonance frequency change.

We also simulated and measured the sensor impedance with
a bolt installed at the center of the sensor (L = 50 mm)
as shown in Fig. 10. Resonance frequencies were almost the
same when m and n were odd, because the electric field
strength at the center of the sensor is zero when the bolt is
fastened but also when it is loosened as shown in Fig. 10(b).
That is, the sensor was unable to detect the loose bolt,
because there was no difference in the resonance frequencies.
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Fig. 11. Simulated (a) and measured (b) frequency response of
impedance when sensor monitors multiple bolts. Bolt A (extra length
was 20 mm) and B (extra length was 30 mm) were loosened from their
fastened at 3.0 N · m. (c) Top view of electric field distribution in the
insulating layer in each resonance mode.

On the other hand, focusing on the second mode (e.g., n =
2, resonance at one wavelength over the entire length of the
sensor), which has the maximal electric field amplitude at the
center of the sensor when the bolt is loosened, we see that
the resonance peaks appeared only at the loosened bolt. The
sensor can detect a loose bolt by the presence or absence of the
resonance peak. Thus, when a bolt is installed at the center of
the entire length of the sensor, only the peak of the resonance
state when n is an even number can be used. It is obvious that
it is better to install the bolt close to one end of the sensor
rather than in the center. When the bolt is installed closer to the
center of the sensor, the sensor needs to be designed keeping
in mind that the modes that can be used are limited and that
sensitivity will be reduced.

Finally, to evaluate the sensitivity by comparing measure-
ments at low frequency (100 kHz), which are not affected
by resonance like DC, with measurements at AC (alternating
current above 0.1 GHz), a total of 24 sensors with a bolt
installed at 10 mm to 90 mm from the edge of the sensor
were fabricated and their sensor impedances were measured.
At low frequency (100 kHz), the sensor impedance exceeded
50 � and the electrical contact was significantly reduced when
the maximum bolt-rotating angle exceeded 80◦ for 24 sensors
measurements. Under AC, the resonance frequency changed
for all sensors when bolt-rotating angle exceeded at least
40◦. This indicates that measurement under AC has better
sensitivity than measurement under DC and has sufficient
reproducibility.

B. Loose-Bolt Identification With Multiple
Bolts Installed in Sensor

Fig. 11(a) and (b) show the simulated and measured fre-
quency response of sensor impedance, when two bolts were
installed in the sensor. For sensors with multiple bolts
installed, the impedance does not change under DC or near
DC until all the bolts are loosened, which makes it impossible
to identify one loose bolt among multiple bolts installed

in sensor, so sensor impedance should be monitored on a
high-frequency band. We focused on a high-frequency band
around 1.6 GHz, where both the n = 1 resonance frequency
peak of the fastened bolts and m = 3 resonance frequency
peak of the loosened bolt exist together in UHF band. This
is because it is desirable to be able to detect and identify
bolt loosening wirelessly with a single small antenna as a
passive integrated sensor in the future. Although the mea-
sured impedance was higher than the simulated impedance,
the behavior of the resonance frequency changes were in good
agreement. The relatively higher measured impedance may be
mainly due to the inhomogeneous distribution of conductivity
in the conductive layer. It is considered that this can be
improved by using a coating method with higher accuracy,
for example, by mechanical coating with a coating machine.

When bolt A and B were fastened, the electric field
strength became zero at the positions of the bolts. There-
fore, the resonance condition in (6) was satisfied. When
n = 1, the resonance length Lsn was λsn /2 = 50 mm, and
the simulated and experimental resonance frequencies were
1.63 and 1.58 GHz, respectively. When bolt A was loosened,
the resonance condition changed from that in (6) to that in (7).
When m = 3, the resonance length LoA was 3

2λoAm = 80 mm,
and the simulated and experimental resonance frequencies
were 1.56 and 1.39 GHz, respectively. Similarly, when bolt B
was loosened, the resonance condition in (8) was satisfied.
When m = 3, the resonance length LoB was 3

2λoBm = 70 mm,
and the simulated and experimental resonance frequencies
were 1.77 and 1.95 GHz, respectively. When the bolt A was
loosened, the peak shifted to the low- frequency side while
both bolts were fastened. On the other hand, when bolt B
was loosened, it shifted to the high- frequency side. As the
sensor was designed to prevent false detection, we were able
to successfully identify the loosened bolt by changing the extra
length of each bolt even when multiple bolts were installed
in the sensor. The sensor was designed so that the resonance
frequency changes to both higher and shorter when each bolt is
loosened from the fastened state. Compared to the case where
both resonance frequencies shift to the same frequency side,
the loosened bolt can be identified in the initial stage.

To estimate the minimum detection angle of the sensor,
we examined the change in the resonance frequency against
the bolt-rotation angle. Fig. 12(a) and (b) show the average
frequency change in four trials of the resonance frequency
responding to the bolt-rotation angle of bolt A and B from the
initial state of fastening at 3.0 N·m. To identify a loose bolt in
a narrow frequency range as mentioned above, we monitored
the frequencies around 1.7 GHz. In the initial state (both
bolts were fastened), the resonance frequency at the resonance
condition n = 1 of (6) was observed. When the rotation angle
of bolt A exceeded 30◦, the resonance frequency shifted lower
according to (7) with m = 3. During loosening of bolt B,
it shifted higher according to (8) when the angle exceeded 30◦.
The minimum detection angles of bolt A and B were about
the same even though the resonance wavelength frequency
differed under the present conditions where the difference in
the extra length to the resonance lengths was about 20%.
In addition, this suggests the possibility of detection with
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Fig. 12. Relationship between bolt rotating angle from fastened and
average resonance frequency change in four trials. Bolt A (extra length
was 20 mm) and B (extra length was 30 mm) were fastened at 3.0 N · m
before loosening.

Fig. 13. Simulated frequency response of impedance when sensor
monitors multiple bolts. (a) Design of sensor with 4 bolts installed;
(b) Design of sensor with 6 bolts installed; (c) Simulated frequency
response of impedance in the case of 4 bolts; (d) Simulated frequency
response of impedance in the case of 6 bolts.

similar sensitivity even when the number of bolts to be
monitored increases, because the minimum detection angle is
comparable to that of the single-detection sensor.

Furthermore, we designed and simulated sensors for mon-
itoring 4 or 6 bolts, as shown in Fig. 13 (a) and (b). The
extra lengths of the bolts were varied and the loose bolts
were identified. The simulated frequency responses are shown
in Fig. 13 (c) and (d). The feeding point was placed at the
center between bolt I and II. When a bolt was loosened,

resonance peaks appeared between 0.3 to 0.6 GHz. Because
of the difference between the extra lengths of the individual
bolts, the resonance frequencies were also different. We could
identify the loose bolts from the resonance frequencies. Note
that while we can fabricate a sensor that can monitor an even
larger number of bolts (i.e., more than 8), there will come a
point when the number of bolts is too large and the difference
in resonance frequency will be too small. Therefore, paintable
two-dimensional sensor [21] is a good candidate for a sensor
capable of monitoring many bolts.

V. CONCLUSION

In this paper, we demonstrated that multiple bolt loosening
can be monitored with a single passive sensor that is fabricated
by painting it directly on the structure. We proposed the
principle of operation of this waveguide-based sensor in which
resonance occurs due to a difference in waveguide resonance
length. It was clearly demonstrated that the fabricated sensor
can detect a loose bolt from resonance frequency changes
in the sensor caused by abnormality-induced changes in the
waveguide resonance. We also demonstrated that the loosening
of multiple bolts can be monitored with a single sensor by
controlling the resonance frequency by the difference in the
extra length when a bolt is loosened. The concept behind this
sensor is a new one and it should make remote inspection of
infrastructure more efficient. We will study the durability of
the sensor and the effects of the external environment in the
future.
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