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Abstract: Because of their low flexibility, traditional vibration sensors cannot perform arbitrary
bending adjustments when facing curved surfaces and other complex working conditions during the
drilling process; therefore, this research proposes a ring-shaped vibration sensor (RSV—TENG) that
can deform freely in the bending direction, and which can be used in working conditions where the
inner bending angle of the drill pipe changes greatly. Test results show that the vibration frequency
measurement range is from 4 Hz to 16 Hz, with a measurement error less than 4%, the vibration
amplitude measurement range is less than 20 mm, with a measurement error less than 5%, the output
voltage and current signal are 120 V and 60 nA, respectively, when three RSV—TENGs are connected
in parallel, and the maximum output power is 6 x 10~/ W when the external resistance is 10° Q.
Compared with traditional downhole sensors, this sensor has self-powered and self-sensing functions,
eliminating the shortcomings of battery and cable power supply; in addition, this sensor can be
installed in the drill pipe space with different curvature radii, so it is more suited to complex and
changeable downhole working conditions.

Keywords: triboelectric nanogenerator; self-powered sensor; downhole vibration

1. Introduction

During the drilling process, vibration is selected as a carrier to carry the specific
information of the state of the drilling tool and downhole working conditions, which
can provide reference to drilling monitoring and operational control [1]. At present, the
methods of collecting downhole vibration information mainly include measurement while
drilling (MWD, LWD) [2,3], surface measurement system to measure vibration [4], triaxial
accelerometer [5,6], dynamic model prediction [7], and so on, but the main problem studied
in this paper is that the installation of the sensor is limited [8,9] due to the thin diameter
and bendability of the drill pipe; that is, when the curvature radius of the drill pipe is large,
traditional sensors cannot be used because they cannot bend; meanwhile, curvature, as a
key indicator of directional deviation correction, determines whether the drilling trajectory
meets expectations. Therefore, it is necessary to develop a vibration sensor that can be
freely deformed in the curved direction, which can be freely bent according to the curvature
of the curved surface, and which can bypass other drilling equipment inside the drill pipe
to obtain the vibration information of the drill string at this stage.

In addition, the power-supply method of the downhole sensors mostly contains cables
and batteries, but the cable power-supply method leads to a more difficult construction,
while the battery method leads to frequent drilling and is not conducive to drilling. In
order to improve drilling efficiency, a new power-supply method is needed to reduce the
burden of the traditional power-supply method and even replace it.

The triboelectric nanogenerator (TENG) proposed in 2012 has been widely applied in
the fields of sensors and generators [10,11]. In the sensors field, research results have been
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achieved regarding speed sensors [12,13], pressure sensor [14,15], vibration sensor [16-18],
human motion sensors [19,20], and so on. In the generators field, research results have been
achieved regarding energy harvesting and the collection and reuse of various energies,
such as blue energy [21], human motion energy [22,23], and environmental mechanical
energy [24-26]. Some scholars have also conducted research on self-powered downhole
sensors [27-29], which also provides a basis for the application of triboelectric nanogen-
erators to downhole vibration measurement; based on this, a ring bending deformation
self-powered vibration sensor (RSV—TENG) suitable for downhole conditions is proposed
in this study. The sensor can bend freely according to the curvature of the surface, solving
the problem of limited installation, and applying the self-powered method.

2. Structural Design and Working Principle
2.1. Structural Design

The main body of the annulus-like curved deformable sensor (RSV—TENG) consists
of an internal spherical vibration sensor. As shown in Figure 1a, the internal vibration
sensor is composed of a casing, copper electrodes, PTFE balls, and a counterweight. The
structure of the whole sensor is spherical, consisting of a shell, two copper electrodes,
Teflon balls, and a counterweight. We used the 3D printing process to produce the acrylic
board. Each spherical shell is divided into two parts. An acrylic plate is installed inside the
two spherical shells. The upper acrylic adhering section is copper electrode 1, the face of
positive, and the bottom acrylic adhering section is copper electrode 2, the same size as
copper electrode 1, and the face of negative. The PTFE balls are placed between the two
copper electrodes. The counterweight is placed under copper electrode 2 in the lower shell
to ensure the directionality and stability of the sensor. Finally, the current is led out through
wires and connected to the electrometer to form a loop. The sensor housing is constructed
of PMMA with a diameter of 50 mm, the diameter of each copper electrode is 43 mm with
a thickness is 0.05 mm, and the diameter of each inner PTFE ball is 5 mm. During the
subsequent tests, we placed 10 PTFE balls inside the sensor. The bottom counterweight is a
steel ball with a diameter of 10 mm and a counterweight of 10 g.

2.2. Working Principle

Figure 1b is the schematic cross-sectional view of the vibration sensor. Due to the
effect of the counterweight, the direction of the internal spherical vibration sensor is always
consistent, no matter how the RSV—TENG is bent or deformed, which effectively improves
the accuracy of the sensor measurements. The working principle of the sensor is introduced
in combination with Figure 1c. In the initial state shown in Figure 1c(i), the PTFE ball
is in contact with copper electrode 2 because of gravity, and the PTFE attracts negative
charges on the surface of the lower copper electrode and, thus, negatively charges the
overall material due to the difference in the ability of PTFE and copper to gain and lose
electrons. In order to cause the entire system to reach potential balance, the surface of
copper electrode 2 is positively charged, and the potential difference is 0 at this state. As
shown in Figure 1c(ii), when the drill string vibrates the PTFE ball produces an upward
force and separates from copper electrode 2 due to the inertial force. Since the PTFE is a
polymer material, its negative charge is not easily lost, so it will not break the system.

The balance of potentials will create a potential difference, causing copper electrode 1
to attract electrons to copper electrode 2, which will generate a current in the external
circuit. When a PTFE ball moves to copper electrode 1, as shown in Figure 1c(iii), the
positive charges of copper electrode 2 have all been transferred to copper electrode 1, and
balance is again reached. When a PTFE ball moves downward again to the state shown in
Figure 1c(iv), the balance is again broken, and the electrons of copper electrode 1 return to
copper electrode 2, so a reverse current is generated in the external circuit until equilibrium
is again reached.
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Figure 1. Internal structure and working principle of the RSV—TENG. (a,b) are the two-dimensional
cross-sectional view of the ring-shaped deformable sensor; and (c) the working principle of the
ring-shaped deformable sensor.

3. Sensor Performance Tests

Figure 2 shows the physical image of RSV—TENG and the structure of the internal
sensor. As shown in Figure 2a, the sensor can be installed in a ring-shaped casing, and
the internal spherical sensor can be freely increased or decreased according to the actual
working conditions. The RSV—-TENG provides better flexibility in the bending position
where the drill pipe will inevitably bend during drilling, and is more suited to drilling in
inclined and trenchless wells. In order to more easily observe whether the counterweight of
the internal sensor can play a role in stability, as shown in Figure 2b, we used a link casing
with higher transparency and flexibility for tests and demonstrations. The test results
showed that no matter how the link casing transforms, its counterweight would play a role,
so that the direction of the sensor always maintains an upward state.

3.1. Sensing Performance Tests

Firstly, the vibration frequency and amplitude of the sensor were tested. When sensors
were installed inside the pipe, under the effect of the counterweight the sensors always
stayed in the same horizontal plane as the PTFE balls. The drill pipe vibrated during the
process of drilling, and the PTFE pellets with the copper electrodes in relative motion
under the effect of inertia resulted in mass implementation of different friction contact
between the separating electrodes; thus, potential difference was generated, and the voltage
pulse signal could be detected after the circuit was formed by the external wire, so that the
real-time vibration frequency could be obtained by analyzing and calculating the voltage
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pulse signal. It can be seen from Figure 3a that the number of voltage pulses and voltage
per unit time increase with the increase of the frequency. The number of pulses per unit
time was 9 with a voltage amplitude of 90 V when the vibration frequency was 9 Hz, and
the number of pulses per unit time was 16 with a voltage amplitude of 137 V when the
vibration frequency was 16 Hz, so it is feasible to calculate the real time frequency by the
number of pulses per unit time. It can be seen from the 6 Hz waveform diagram that
the pulse peak was composed of multiple small peaks rather than a smooth straight line
because the inner PTFE ball was composed of multiple balls in the structural design of
the sensor; therefore, the output waveform was created by each small PTFE ball hitting
the surface of the copper electrode, and the peak of its pulse was composed of multiple
small peaks.

Counterweight

Figure 2. A physical image of the RSV—TENG. (a) A physical installation image of the RSV—-TENG;
and (b) the structural diagram of the internal sensor of RSV—-TENG.

Next, the amplitude measurement performance of the sensor was tested. In this
research, the frequency of 6 Hz was selected for tests, and only the single variable amplitude
was measured. The results showed that the amplitude of the sensor was proportional to
the voltage, and the voltage output between different amplitudes had a large difference.
For example, the voltage generated by the amplitude of 15 mm was 22 V higher than
the voltage generated by the amplitude of 10 mm. When the vibration frequency was
20 mm, the output voltage reached the maximum value of 100 V, and when the amplitude
continued to increase by more than 25 mm, the output voltage remained at 100V, which
may have been due to inadequate contact. The vibration frequency measurement range
of the sensor was in the range of 0 to 16 Hz, and the measurement error was kept within
4% (see Figure 3c), and the RSV—TENG could measure the vibration amplitude with a
measurement range of 0 to 20 mm and a measurement error less than 5% (see Figure 3d).
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Figure 3. Sensing performance study of the RSV—-TENG. (a) Frequency—sensing performance;
(b) amplitude—sensing performance; (c) vibration frequency measurement error; and (d) vibration
amplitude measurement error.

Secondly, the reliability of the sensor was tested. As shown in Figure 4a,b, the output
voltage of RSV—TENG still remained within the normal range when the sensor was work-
ing 4500 times. Subsequently, tests were carried out on the bending angle of RSV —-TENG,
and the results shown in Figure 4b show that the output voltage of the sensor remained the
same no matter how the angle of the sensor changed, indicating that the counterweight
could stabilize the sensor direction and output voltage inside the sensor. During the bottom
hole measurement, the internal spherical sensing unit randomly appeared in any angle of
the curved deformation when the annular casing was deformed in the curved direction,
and the test results showed that it would not affect the output performance of the inter-
nal spherical sensing unit no matter any curved deformation of the RSV—TENG, so the
RSV—TENG could connect any internal spherical sensor unit to measure the vibration state
of the drill string, which further improved the reliability of the sensor.

The working environment of the sensor was then tested. In these tests, the vibration
frequency range of 4 Hz to 12 Hz was selected as an example for the tests in order to get
closer to actual working conditions. For every 100 m increase in the drilling depth, the
formation temperature would increase by 3 °C, so we measured the working state of the
sensor in a high-temperature environment and the results are shown in Figure 4c. The
results show that the output voltage of each frequency of the sensor was stable and did not
change significantly with the increase in temperature, so the sensor could continue to work
at high temperature and could adapt to the high-temperature underground environment.
Finally, the output performance of the sensor in different humidity environments was
tested and the results shown in Figure 4d show that the output voltage of the sensor at
different frequencies was still stable with the increase in ambient humidity, which proved
that the sensor was also suitable for working environments with different humidities.
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Figure 4. Sensing performance of the RSV —TENG. (a) Repeatability tests of the RSV—TENG; (b) long-
time working tests of the RSV—TENG; (c) output performance of the RSV—TENG under different
temperatures; and (d) output performance of the RSV—TENG under different humidity.

3.2. Power-Generation Performance Tests

The power-generation performance of RSV—TENG was studied with resistors of
different resistance values. When there was only one vibration sensor inside RSV—-TENG,
it can be seen from Figure 5a that the voltage value of the sensor increased with the increase
in vibration frequency and external resistance, and the growth area was divided into three
stages. In the first stage, the resistance value was from 0 to 5.5 x 10* ), and the output
voltage of a single sensor was always low, approaching 0. When the resistance value is
from 5.5 x 10* to 107 Q, the voltage was in the rising stage, and the output voltage of
RSV—-TENG in this stage had a linear positive correlation with the resistance value. In the
third stage, the resistance value was from 107 to 10° (3, and the voltage of each frequency
in this stage tended to be stable and reached the highest value. At the same time, it could
be seen from Figure 5 that when the vibration amplitude was 12 Hz, the voltage increase
slope was more than 9 Hz and the voltage increase slope was more than 4 Hz. The output
of the current under different resistance values was also measured, and the output could
also be divided into three stages. In the first stage, when the output current was from 0 to
5.5 x 10* ), the output current remained stable and there was no obvious difference. The
output value was the highest of the three stages; meanwhile, the rate of change increased
with the increase in frequency.

When the frequency was 12 Hz, the output current reached the maximum value of
20 nA. When the second stage was from 5.5 x 10% O to 107 Q, the output current value
dropped sharply. When it reached the third stage, the output current of RSV—-TENG
was the smallest and approached 0. In these three stages, the current output reached the
minimum value. Finally, the output power of RSV—TENG with only a single vibration
sensor inside was calculated, and the results show that the output power could reach
a maximum of 6 x 1077 W when the resistance was 10° Q and the vibration frequency
was 12 Hz.
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Figure 5. Power-generation performance of the RSV—TENG. (a) Output voltage and current of a sin-
gle RSV—TENG under different external resistances; (b) output power of a single RSV—TENG under
different external resistances; (c¢) output voltage and current of three RSV—TENGs under different
external resistances; and (d) output power of three RSV —TENGs under different external resistances.

Finally, three vibration sensors were installed in the ring-shaped casing and were
tested, and the results showed that the output voltage of a single sensor could reach
120 V when the vibration frequency was 12 Hz, which proved that three vibration sensors
connected in parallel would increase the output signal. As shown in Figure 5¢,d, when the
three sensors were connected in parallel, the output voltage did not increase significantly,
but the output current increased significantly. When the external circuit was connected
to different resistances, the resistance drop was still divided into three stages. The first
stage was in the range of 0 to 10® Q. The current change speed in this stage was slow and
stable, and the output value was the highest, that is, the output current was 56 nA when
the vibration frequency was 12 Hz; also from the current graph, it can be seen that the
current drop slope at 12 Hz was significantly higher than the drop curves at 4 Hz and
9 Hz in the second stage. Finally, the output power of RSV—TENG containing multiple
vibration sensors was calculated and the results showed that the output power could
reach a maximum of 40 x 10~7 W when the resistance was 5.5 x 10° ) and the vibration
frequency was 12 Hz.

3.3. Influence of Internal Structure on Sensor Output Performance

As shown in Figure 3a, the peak value of the voltage waveform was not a smooth
curve because of multiple PTFE balls, so it was necessary to conduct a detailed study and
comparison of the number of PTFE balls in the internal structure. As shown in Figure 6a,
there was only one peak with a peak of 10 V in the voltage waveform when there was only
one PTFE ball in the internal structure, and the number of peaks in the voltage waveform
increased to 5 with a peak of 50 V when there were 5 PTFE balls inside, so the number of
PTFE balls also determined the output value of the voltage and the voltage was proportional
to the number and volume of the PTFE balls. The relationship between the copper electrode
area and the output voltage was then studied. As shown in Figure 6b, when the number of
PTEFE balls was determined, different copper electrode areas did not have much effect on
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the output performance. Compared with copper electrodes, the number and volume of
PTFE balls determined the amount of triboelectric charge transfer inside the sensor. When
the number of PTFE balls increased, the amount of triboelectric charge transfer inside the
sensor also increased, thereby increasing the output voltage of the sensor; therefore, the
vibration state of the bottom hole drill string could be studied by selecting an appropriate
number of PTFE balls according to actual working conditions. Finally, the distance between
the two copper electrodes was studied. As shown in Figure 6¢, the output voltage increased
as the distance between the copper electrodes increased, but the output voltage reached the
maximum value when the distance between the copper electrodes increased to 20 mm, so
the optimal distance of the copper electrode was selected as 20 mm in order to achieve the
best performance in the design of the sensor.
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Figure 6. Influence of the internal structure on the output performance of the sensor. (a) Effect of
the number of PTFE balls on the output voltage and waveform; (b) effect of the area of the copper
electrode on the output performance of the sensor; and (c) effect of the distance of the copper electrode
on the output performance.

4. Conclusions and Discussions

A ring-shaped vibration sensor (RSV—TENG) that can be freely deformed in bending
direction is proposed in this research, and which can be used in the working environment
where the bending angle of the drill pipe changes greatly. The vibration frequency mea-
surement range is 4 Hz to 16 Hz with a measurement error within 4%, the measurement
amplitude measurement range is 0 mm to 20 mm with a measurement error within 5%,
and the measurement range can be improved by changing the structure and material
subsequently. Meanwhile, the RSV—TENG with different curvatures was measured. The
measurement results found that the RSV—TENG was less affected by the change of curva-
ture and the environment of different temperature and humidity, which proved that the
sensor could still work continuously and stably under complex working conditions. After
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running 4500 times, the sensor could still work normally, showing that the sensor has a
high working life and reliability.

The output power of the sensor was measured and studied, and the results showed that
the output voltage of a single sensor was as high as 120 V, and when three vibration sensors
were connected in parallel, the output current could reach up to 60 nA. The maximum
output power of a single sensor was 6 x 10~/ W when the external resistance was 106 ),
while it was 40 x 10~7 W when three vibration sensors were connected in parallel and the
external resistance was 5.5 x 10° (), which provided a reference for self-powered sensors
to power other components.
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