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Abstract—To avoid oil leakage accidents in large storage tanks,
measurements of metal thicknesses are important to assess the
structure conditions. Ultrasonic sensors are widely used to
measure metal thicknesses. To realize ultrasonic thickness
measurement by robots, it is necessary to realize contact between
a probe and surfaces. In this study, we proposed a novel
mechanism of a metal thickness measurement module which
includes a Scotch Yoke mechanism to convert a robot's movement
to a pressing motion of a probe. The proposed module consists of
a probe, a slider box, a slider, wheels, and a rotation disk with a
pin. When the disk connected to the wheels rotates, the pin moves
the slider connected to the probe up and down simultaneously. The
module mounted on a magnet-type wall-climbing robot measured
the metal thicknesses of the test pieces. We confirmed that the
prototype module can realize the contacting and releasing of the
probe to surfaces according to the wheel's rotation.

Keywords—Tank inspection, ultrasonic, thickness measurement,
wall-climbing robot.

L

Oil leakage accidents happen when oil tanks are ruptured. To
avoid those accidents, tanks are recommended to be totally
scanned by ultra-sonic sensors [1]. In China, there are 7,000 oil
storage tanks and the largest volume of tanks is 15,000 m? [2].
Current structure inspection relies on human inspection which
requires a considerable amount of cost, time, and labor [3].
Moreover, workers are at risk from climbing large structures,
entering closed spaces, and exposure to chemical contaminants.
Therefore, autonomous robots which carry out tank inspection
and maintenance have been proposed. Wall-climbing robots can
replace humans in the inspection of large storage tanks because
they can improve work efficiency, save the cost of building
scaffolds, and eliminate the danger of manual work [4]. For
example, a weld seam tracking and image inspection by a
magnet-type wheeled robot has been proposed [5, 6]. In addition,
metal thickness measurements by ultrasonic sensors are also
common for Non-Destructive Testing (NDT). Therefore, wall-
climbing robots with permanent magnet adhesion mechanisms
were proposed to carry ultrasonic sensors for inspections [7, 8].
Also, a climbing robot with a vacuum suction module was
developed to carry sensors for NDT on vertical surfaces [9].

INTRODUCTION

However, actual thickness measurement with mounted
ultrasonic sensors was not tested in these studies. One of the
reasons that studies on thickness measurement by robots are
limited is the difficulty of a procedure of ultrasonic thickness
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measurement. Ultrasonic thickness measurements require the
probe (transducer) to make contact with a target surface with an
appropriate force to ensure adequate coupling of the transmitted
acoustic energy [10]. To realize this procedure, an electric putter
attached to a climbing robot to actuate a probe [11], an arm
realized a gentle touch of a probe to steel surfaces [12], and a
four-bar mechanism to realize probe movements [13] have been
proposed for autonomous thickness measurement. These
measurement methods use actuators to make contacts, the
system will be complex and its weight will increase despite that
climbing robots have strict limitations on payloads.

The impact of unmanned aerial vehicles (UAVs) has been
increased in monitoring and inspection tasks [14]. A UAV with
an ultrasonic probe can approach any place of the structure by
flying and sticking to the target place [15]. In [10], a probe
attached to a spring-loaded arm extending from a UAV was
guided and undertook a contact thickness measurement process
without manual intervention. In [16], a UAV conducted
ultrasonic thickness measurements by flying, approaching, and
contacting a surface with a sensor. Other than using regular
probes, a dry-coupled ultrasonic wheel probe was deployed to a
UAYV [17]. This UAV can fly to target surfaces, press the probe
to surfaces, and obtain thickness. UAVs with probe-attached
arms are simple; however, navigation to target points is difficult
and measurement resolution is not high. In addition, the time
duration of operation is limited compared to climbing robots.

Although many approaches have been made, the solid
method has not been realized for ultrasonic thickness
measurements by climbing robots. Existing inspection robots
need to move a measurement point, stop at the point, touch a
surface with a probe with actuators, measure the thickness, and
then move again. In the case of UAVs, they need to fly close to
surfaces and fly away from surfaces repeatedly to measure a
target area. In this study, we proposed a novel ultrasonic metal
thickness measurement module for tank inspection by climbing
robots. The proposed module realizes a probe contact just with
the movements of a robot without additional actuators. It can
contact the surface at the same interval continuously. The
proposed mechanism is simple but can be used in various types
of contact inspection (e.g. coating thickness measurements). The
originality is that the stroke motion for an ultrasonic probe is
realized by the Scotch Yoke mechanism which converts the
wheel rotation to the stroke motion.
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The structure of this manuscript is as follows. In Section II,
we explained the basic principle of ultrasonic thickness
measurement and proposed the measurement module that uses
the Scotch Yoke mechanism. In Section III, the prototype
proposed module is developed. We conduct experiments to
confirm the ability of thickness measurement by the module in
Section IV. Its results and limitations of the proposed module
are discussed in Section V. Finally, the conclusion is shown in
Section VI.

II. THICKNESS MEASUREMENT MECHANISM

A. Ultrasonic Thickness Measurement

In metal thickness measurements, a probe needs to be in
contact with a surface of a target object, then, an ultrasonic wave
is emitted from the contact point between the probe and the
surface (see Fig. 1). The ultrasonic wave is reflected on the
opposite surface of the object and then returns to the probe again.
The thickness is calculated from the relationship between the
propagation time and the sound speed inside the object being
measured. The common method to calculate metal thickness
with an ultrasonic thickness gauge is written as

vt
H=—

. )
where H is metal thickness, v is sound velocity inside the
material, and ¢ is the round-trip transit time of sound. A manual
measurement requires the worker to push the probe to surfaces
over and over again. To automate thickness measurements by
robots, this pressing motion of the probe to make contact with
surfaces needs to be generated mechanically.

B. Scotch Yoke Mechanism

Many mechanisms have been developed to produce a linear
motion from a rotary motion to be utilized in many applications
[18]. The Scotch Yoke mechanism is also designed to convert
the rotational motion to linear motion [19]. This mechanism is
widely used in robot systems such as a quadruped robot insect
[20], a needle insertion robot [21], and a dolphin-like robot [22].

Fig. 2 illustrates a schematic diagram of the conventional
Scotch Yoke mechanism [19, 22-25]. The pin of the rotation
disk is contacting the slider at P where 6 is the rotating angle of
the disk. L; is the length between the pin and the rotation disk
center O. L; is the length of the arm between the slider and the
end effector Q. The coordinates of point P are written as

{xp = L,;cos 0

Yp = Lysin 0 2

where xp and yp are the x and y coordinates of P, respectively.
Therefore, the horizontal movement of Q is written as

(3)

where xo is the x coordinate of Q. The end effector reaches its
maximum length when 6 is 0°. And then, when 8 is 180°, the
end effector reaches its minimum.

Xg =LycosO +1L,

In this study, we use the Scotch Yoke mechanism to generate
a pressing motion of a probe for ultrasonic thickness
measurements. Because the climbing movement of a robot is
converted to the pressing motion of the probe, the robot does not
need additional actuators, control boards, and batteries.
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Fig. 1. Basic principle of ultrasonic thickness measurement.

Rotationdisk  Slider
Fig. 2. Schematic diagram of Scotch Yoke mechanism.
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Fig. 3. Proposed measurement module. (a) Overview, (b) cutway view.
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Fig. 4. Movement of the rotation disk and the slider.



C. Proposed Design of Metal Thickness Measurement Module

Fig. 3(a) and (b) show an overview of the proposed module
and its inside structure, respectively. The measurement module
consists of eight parts; (1) a probe, (2) a probe holder, (3) a slider,
(4) a rotation disk with a pin, (5) a slider box, (6) wheels, (7)
wheel shafts, and (8) an attachment part. The rotation disk is
connected to the wheel with the shaft. Therefore, the rotation
disk rotates according to the robot's movement. When the
rotation disk with a pin rotates, the pin makes the slider move up
and down. The probe is connected to the slider. So, the probe
can touch the surface. The springs are used to absorb the
surface's roughness and support the probe to touch the surface

properly.

Figs. 4(a) to (d) show mechanical diagrams of the proposed
module. Single contact motion to the surface is divided into four
phases. In phase 1, the slider with a probe is located at the upper
limit. This is achieved when the pin of the rotation disk is at the
top, the slider is lifted upwards until maximum limitation (see
Fig. 4(a)). In phase 2, when the rotation disk rotates according
to the wheels' rotation, the pin of the rotation disk pushes down
the slider and the probe. Then, the probe approaches the ground
(see Fig. 4(b)). In phase 3, when the pin of the rotation disk is at
the bottom, the slider is pushed down to the lower limit. At this
point, the probe touches the surface (see Fig. 4(c)). In phase 4,
the pin moves upwards and the slider is lifted upward until it
reaches the maximum limitation (see Fig. 4(d)). By repeating
this, the proposed module provides periodic contacts of the
probe to the surface from the running wheels of the robot.

D. Proposed Situation of Using the Module

With its feature of simplicity and being required no actuators,
the module can be used in different forms. In [26], a proposed
impact mechanism for hammering inspection was tested in three
different conditions where the mechanism was attached to: the
end of a rod and moved manually, an arm that was installed on
an Unmanned Ground Vehicle (UGV), and a climbing robot. In
the same way, the proposed module can be used in various
conditions as listed below:

Handle: A handle is simply attached to the module. The module
is moved manually to measure thickness.

Rod: It is similar to handles but the module is attached to one
end of a rod. With the rod, the module can reach higher places.

UGYV with robot arm: A robot arm with the module can contact
a surface. Measurements can be automated with a UGV but a
measurement area is limited to the robot arm movement range.

Climbing robot: The module can be installed on a climbing
robot which can move freely on walls. This lightweight module
can be mounted even if the robot has payload limitations.

UAYV: The module can be attached to an arm of a UAV. Once
the module contacts a surface, the UAV only needs to fly up or
down while keeping the module in contact. There is no need to
fly close to the surface and fly away from the surface repeatedly.

The proposed metal thickness measurement module is
intended to be used in a variety of situations. In this study, we
conducted experiments and verified the handle-installed, rod-
installed, and climbing-robot-installed situations using the same
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Fig. 5. Developed module. (a) Overview, (b) side view.
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module. However, the design can be changed flexibly to suit
each environment and allow more efficient measurements.

Fig. 6. Overview of the developed module.

III. DEVELOPMENT OF DEVICE

Based on the design in Section II, we developed a prototype
of the measurement module as shown in Figs. 5(a) and (b). The
size of the module was 46 mm in height, 66 mm in width, and
92 mm in length. The module weight was 84 g and the probe
weight was 43 g. The wheel diameter was 32 mm which was
designed to contact the surface in 100 mm intervals (pitches).
The measurement interval distance d was calculated as

d = 2mr (€))

where 7 is a wheel radius. The interval distance can be designed
according to the requirements of the task by simply modifying
the wheel diameter. The module parts were 3D printed with
ABS-like SL resin (C-UV 9400). To increase the friction
coefficient between steel surfaces and 3D-printed wheels, we
attached an anti-slip tape on wheels. The probe of the ultrasonic
sensor was attached to the probe holder. We used a
commercially available probe and ultrasonic thickness gauge
(SW-6510S by SNDWAY) and its weight was 180 g.

IV. EXPERIMENTS AND RESULTS

To evaluate the validity of the developed module, we
conducted three experiments of metal thickness measurements
on the actual metal surfaces. First, we measured metal
thicknesses with the developed module by hand, then installed
the module to the measurement rod and measured the steel pillar
thickness. Finally, we installed the module to the wall-climbing
robot and showed ability as metal thickness measurement
equipment for inspection by climbing robots.

A. Fundamental Metal Thickness Measurement Experiment

First, we prepared two types of metal plates for testing. The
ground truth thicknesses of test metal plate 1 and 2 by the
thickness gauge were 5.76 mm and 3.68 mm, respectively. The



measured thickness by the module has a mechanical offset.
Therefore, this offset was subtracted from Eq. (1) as

vt
H= 7 - Hoffset (5)
where Hyper (= 040 mm) is the offset obtained in the
fundamental experiment. In the rest of the papers, we use this
offset to calculate the thickness of the metal plate.

The experimental setting is shown in Fig. 6. We attached
stabilizing wheels to the module so that the wheels of the module
can be rolled on metal plates. To compare the manual-measured
and module-measured thickness of the test pieces, we moved the
module straight on the test pieces, confirmed the probe
contacted surfaces when wheels rotated on surfaces, and read the
thickness of the gauge. Coupling gel was dispensed on
measurement points in advance. We performed 50
measurements for each test piece.

Fig. 7 shows measurement results with error bars from the
experiment. The average of module-measured thicknesses of the
test plate 1 and 2 were 5.77 mm and 3.66 mm, respectively.
Standard deviations of manual measurements were 0.02 in Test
1 and 0.04 in Test 2 while standard deviations of module
measurements were 0.30 in Test 1 and 0.21 in Test 2.

B. Experiment with Measurement Rod

To simulate the usage situation listed in Section III-C, we
attached the developed module to a measurement rod and
conducted an experiment to measure the thickness of an actual
structure (see Fig. 9). The rod was made of 10 mm squared
Aluminum pipes where the module was installed on one end and
the digital thickness gauge was installed on another end. The
experiment was conducted on the I-beam (H-shaped) steel pillar
of our laboratory. Based on Otsuki et al. [13], we measured at

12 points (see Fig. 9(a)). The distance of each point was 100 mm.

Coupling gel was dispensed on these 12 points in advance.

The measurement results were displayed as a color map in
Fig. 9(c). As reference ground truth, thicknesses measured
manually were also displayed as a color map in Fig. 9(b).
Thicknesses between two neighboring measurement points are
linearly interpolated in color maps. The average measured
thickness by the module was 6.96 mm and its reference value
was 6.94 mm. Moreover, the two color maps share the same
tendency that measured thicknesses are thickest at A4, and
thinnest at B2.

C. Experiment with Wall-Climbing Robot

To show the ability of thickness measurement by robots with
the proposed module, we installed the developed module on a
climbing robot. Because our inspection target object is large
storage tanks made with ferromagnetic materials, we used a
magnet-type wall-climbing robot for the experiment. The
magnet-type wall-climbing robot can show steady movement on
steel objects [27] because suction-type robots have a limitation
on surface roughness [9] and propeller-type robots have a
limitation on operation time [28,29]. Therefore, magnet-type
robots are widely used for steel-made tank inspection [5-8].

A magnet-type wall-climbing robot used in this study was
designed to carry a total of 9 kg including 3.2 kg of the robot
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Fig. 7. Measurement results (MN: manual, MD: module).
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Fig. 8. Measurement module with the rod.

itself weight and 0.6 kg of a 6000 mAh LiPo battery. The
required magnetic adhesion force is 620 N because the friction
coefficient of a metal surface was 0.22 when the safety factor
was 1.5. The developed robot has three wheels, two of them are
magnet wheels [30], and one is free rotating non-magnet wheel
(see Figs. 10(a) and (b)). The magnetic wheel (44 mm in
diameter, 26 mm in width, and 0.35 kg in weight) has an
adhesion force of 250 N. The plate magnet (75 mm in width and
length, 25 mm in height, and 1.05 kg in weight) on the robot
body has an adhesion force of 120 N. The robot (275 mm x 260
mm x 100 mm) uses a geared brushless DC motor (JGB37-3650)
for propulsion. It can reach a maximum speed of 18.7 m/min and
clear obstacles up to 4 mm high. The robot and its controller, are
both equipped with Arduino UNO and a Wi-Fi module.

As shown in Fig. 11, the module was attached in front of the
robot, and the digital gauge was attached to the main body. The
metal thickness measurement experiment was conducted on the
steel pillar shown in Fig. 9(a). In this experiment, the robot with
the module was controlled to move straight from B1 to B4 where
the points that coupling gel was dispensed in advance. The robot
was controlled manually by the controller. We observed that the
wheels of the module rotated according to the robot’s movement
and then the probe contacted the surface. The measured
thickness and the actual thickness are shown in Fig. 12. The
reference, rod-measured, and robot-measured average thickness
of Bl to B4 were 6.89 mm, 6.84 mm, and 5.90 mm, respectively.

V. DISCUSSION

Through experiments, we observed that the developed metal
thickness measurement module functioned as expected. The
wheels of the module rotated according to the robot’s movement
and the probe contacted the surface to measure thickness by the
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Fig. 9. Measurement experiment on a steel pillar. (a) Steel pillar with measured points, (b) color map of reference thickness, (c) measured thickness.

ultrasonic thickness gauge. Also, we showed that this module
can be used in many ways such as being moved manually (see
Fig. 6), with the measurement rod to measure the surface in high
places (see Fig. 8), and with the robot (see Fig. 11). The module
can efficiently inspect a wider area with constant intervals.

The reference and module-measured thicknesses were
compared. The average thickness was 5.76 mm for reference and
5.77 mm in Test 1. The average thickness was 3.68 mm for
reference and 3.66 mm in Test 2. The errors were +0.17% for
Test 1 and -0.54% for Test 2. However, this experiment revealed
that the module has large standard deviations compared with
manual measurements. The gaps between moving parts,
necessary for the smooth movement of the shaft and slider, may
affect the measurement accuracy and cause a large standard
deviation when using the module. reference and rod-measured
thickness had a +0.29% error in average thickness of 12 points
and showed the same tendency in color maps. Therefore, we
mounted the module on the robot and confirmed that the module
was able to move its probe according to the robot's movement
on the steel pillar. Although, we measured only Bl to B4, the
error between reference and robot-measured thickness is larger
than using the measurement rod.

There are several possible reasons for these errors. First, the
offset value may be different when pressing by hand and by the
robot. The offset was measured manually in Section IV-A;
however, it’s essential to examine the offset resulting from the
actual robot’s movement on a test structure for more accurate
results. Second, we observed a problem with the controlling of
the robot. During experiments, the probe was not properly
grounded on the measurement points due to the robot's
movement error on the steel surface. The driving wheels of the
robot were controlled by switching them ON and OFF.
Therefore, vibrations occurred when the robot started moving
and when it stopped, and this vibration affected the contact of
the probe to surfaces. To reduce vibrations, it is desirable to use
a control method such as the S-curve control [31]. Also, the
amount of time to press the probe depends on the speed of the
running wheels. It should be considered how the pressing force
changes depending on the robot's speed. In addition, the probe
holder with spring should be improved to press the probe with a
more constant angle to surfaces.

A. Limitation

In ultrasonic metal thickness measurements, robots need to
properly dispense coupling agents and firmly press a probe on
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Fig. 12. Robot with the measurement module (REF: reference, ROD: rod-
measured, ROB: robot-measured thickness).

measurement surfaces [13]. A coupling agent must be placed
between the target surface and the probe to eliminate any air
gaps [10]. However, the dispensing of coupling gel is not
discussed in this manuscript. In experiments in Section IV,
coupling gel was manually dispensed. A UAV with an ultrasonic
measurement gauge can realize only four measurements by a
single dose because of the limitation of coupling gel [16]. Otsuki
et al. equipped a pumping mechanism for their robot for
dispensing coupling gel [13]. Their pumping mechanism can
carry coupling gel for 30 measurements. Therefore, Mattar et al.
attached an elastomer as a dry coupling to the probe of their



UAV system [15]. Dry couplings eliminate the need for the
application of any liquid couplings and the inconvenience
associated with it [32]. It is necessary to develop a mechanism
that automatically dispenses coupling gel as well as moves a
probe to surfaces. Also, we need to consider the use of dry
couplings to eliminate the need for dispensing coupling gel for
continuous measurement without any refills of coupling gel.

VI. CONCLUSION

In large storage tank inspections, the metal thickness of the
tank is measured for their assessments. In this study, we
introduced a method to make the metal thickness measurement
more efficient. The ultrasonic thickness gauge normally requires
its probe to be repeatedly grounded and separated from the target
surface during measurements. Therefore, we proposed and
developed the module using the Scotch Yoke mechanism to
push the ultrasonic probe to surfaces automatically. The Scotch
Yoke mechanism can convert the rotation movement of wheels
when a robot climbs surfaces to the pressing motion of the probe
without additional actuators. We conducted basic measurement
experiments on an actual steel pillar using a magnet-type wall-
climbing robot with the developed module. From the experiment
results, we confirmed that the developed module was able to
rotate its wheels and move the probe up and down in response
to the movement of the robot.

By contrast, the problem of coupling agents needs to be
addressed in future work. Proper use of coupling gel ensures the
probe is in close contact with the target surface, allowing for
accurate thickness measurements. In addition, the actual tank
surface is curved and has irregularities such as welded seams.
Therefore, we need to operate and test the robot with the module
on the surfaces of actual tanks.
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