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Abstract: Downhole drilling tool vibration measurement is crucial for drilling exploration safety,
so real-time monitoring of vibration data is required. In this research, a honeycomb triboelectric
nanogenerator (H-TENG) capable of adapting to various downhole environments is proposed. It
can measure the frequency of downhole drilling equipment’s vibrations and transfer mechanical
energy to electrical energy for use in powering other low power downhole meters. In order to
preliminarily verify the possibility of sensors used for vibration measurement of downhole drilling
tools, we built a simulated vibration platform to test the sensing performance and vibration energy
collection performance of H-TENG. According to the testing results, the measurement range of
vibration frequency and amplitude are 0 to 11 Hz and 5 to 25 mm, respectively, and the correspond-
ing measurement errors are less than 5% and 6%, respectively. For vibrational energy harvesting,
when four sensors are wired in series with a 107 resistance, the maximum power is approximately
1.57 uW. Compared to typical methods for measuring downhole vibration, the honeycomb tribo-
electric nanogenerator does not need an external power source, it has greater reliability and output
power, and it can vary its shape to adapt to the complicated downhole environment. In addition, the
H-TENG can be combined freely according to the diameter of the drill string, and even if one sensor
unit is damaged, the other units can still be used normally.

Keywords: triboelectric nanogenerator; vibration sensor; self-powered; downhole drilling tools;
deformable

1. Introduction

Drilling is the process of drilling a hole into the ground with a drill tool in order to
discover underground mineral deposits [1]. Vibration occurs during drilling due to the
collision of drilling tools with rock. Measuring vibration information is helpful for real-
time monitoring and management of the drilling process, improving operation efficiency,
reducing loss, and ensuring drilling safety [2]. As a result, it is necessary to monitor the
vibrational condition of downhole drilling instruments in real-time. Due to complex and
changeable downhole conditions, most scholars concentrate on the theoretical level of
downhole vibration [3] such as mathematical models [4,5], which cannot provide feedback
to the actual downhole state. For the measurement method of downhole vibration, most
scholars install sensors at the bottom of the hole to measure downhole vibration, such
as acceleration sensors [6,7], acoustic sensors [8], optical sensing technology [9], and so
on. Furthermore, some researchers monitor vibration by affixing sensors to the hole’s
surface [10,11].

However, the aforementioned methods all have defects. If the sensor is installed on
the surface of the hole, its measurement accuracy is not high, and it cannot correctly reflect
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the vibration signal at the bottom of the hole [12]. If the sensor is installed at the bottom of
the hole, it is difficult to adapt to the complex and changeable underground environment,
and more battery or cable power supply not only reduces construction efficiency but also
increases drilling costs [13,14]. Therefore, it is critical to create a self-powered sensor
capable of adapting to the downhole environment and measuring the real-time condition
of downhole drilling instruments.

Wang and colleagues proposed the Triboelectric Nanogenerator (TENG) based on
triboelectrification and electrostatic induction in 2012 [15], and it has been utilized exten-
sively in the fields of sensors [16-18] and energy collection [19,20], such as marine energy
harvesting [21,22], wind energy harvesting [23,24], body kinetic energy [25], water wave
energy [26,27], and so on. The energy harvested by triboelectric nanogenerators has been
widely used in pressure sensors [28,29], angle sensors [30,31], health monitoring [32], mo-
tion detection [33,34], vibration sensors [35-37], etc. In addition, some scholars have also
extended TENG to the field of downhole sensors and realized the monitoring of drilling
tools’ rotational speed [38], vibration [39,40], and some other parameters. However, most
of the existing downhole self-powered sensors focus on the measurement of downhole
parameters and lack the same type of products that can flexibly change their sizes accord-
ing to the downhole working condition. As a result, this research proposes a honeycomb
sensor with free combination based on a triboelectric nanogenerator (H-TENG), which
can be freely combined with the changing downhole environment to collect the energy
from the vibrations downhole and measure the frequency of drill string vibration in self-
dpowered mode.

2. Structural Design and Working Principle of H-TENG
2.1. Design Requirements

Diverse geological features result in different downhole environments for drilling,
hence, the sensor installation environment at the downhole is quite different. The size
and shape of conventional sensors are currently fixed and incompatible with the variable
downhole environment (Figure 1a). As a result, sensors must be designed in such a
way that they can freely mix to adapt to various downhole situations. On the other
hand, If the downhole drilling equipment is not sufficiently powered during the drilling
process, replacing the battery will necessitate lifting the entire drilling equipment from
the hole to the surface, which will incur a substantial economic cost. Therefore, the sensor
should be designed to meet the requirements of self-power supply while maintaining high
reliability and being able to provide power to other drilling equipment. The honeycomb is
a porous structure in which bees reside and reproduce offspring, as depicted in Figure 1b.
The honeycomb friction nanogenerator (H-TENG) designed in this paper is inspired by
honeycombs. The honeycomb structure is widely used in various combined structures
because of its good geometric characteristics and mechanical properties [41]. As shown in
Figure 1c, a regular hexagon is extracted from the appearance of the honeycomb, stretched
to form a hexagon, and can be combined into different shapes of sensors using magnets
on the side of the prism, suitable for various downhole environments. At the same time,
since each prism can achieve the measurement of vibrations, it has a high degree of
reliability. More prisms can effectively increase the total friction area, thereby increasing the
output power.
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Figure 1. Application environment and basic composition of the H-TENG. (a) The sensor’s actual
installation position; (b) honeycomb; (¢) H-TENG'’s schematic diagram.

2.2. Structure and Working Principle

Figure 2a is an explosion diagram of H-TENG, and Figure 2b is a structural diagram
of H-TENG. The exterior of the H-TENG consists of a base, a top cover, and housing, and
inside is a vibrating body that can move freely and come into direct contact with the base.
Rectangular magnets are embedded in all six sides of the housing to allow free assembly,
and perforations are made on the sides of the housing to connect wires. According to the
triboelectric sequence table [42], Al and Kapton are selected as friction materials, which can
achieve a good output effect. Therefore, we chose these two materials as the friction layer
of H-TENG. The drill string is fixed to the outside of the base, and the inside is attached to
the aluminum (Al) and polyimide (Kapton). Al is attached to the underside of the vibrating
body; Kapton (PY11YG, Lingmei Co., Ltd., Dongguan, China) serves as a friction layer to
produce friction charge and Al serves as the electrode output to produce friction charge,
while Al also serves as a friction layer and an electrode layer at the same time, and is
connected with the copper (Cu) electrode through wires. When axial vibration occurs, the
vibrator moves up and down under the action of inertial forces, causing Kapton to contact
the Al to generate an electric charge; thus, the measurement of the vibration frequency and
further processing of the vibration energy are made possible. The whole H-TENG is 3D
printed with polylactic acid (PLA) material, the printing temperature is 210 degrees Celsius,
and the printing layer thickness is 0.3 mm. The hexagonal base and top cover edge are
20 mm long, the housing length is 50 mm, the magnet size is 20 x 10 mm?, and the cylinder
size in the vibrator is 19 mm.
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Figure 2. The sensor’s composition and working principle. (a) Explosive diagram of H-TENG;
(b) H-TENG's internal structure schematic diagram; (c¢) H-TENG’s working principal diagram.

Figure 2c is a cross-sectional view of H-TENG showing how the sensor works and
the charge distribution. In the initial state (Figure 2c(i)), Kapton is exposed to Al because
of gravity. Because Al and Kapton have different abilities to gain and lose electrons, at
this point, the Al surface is positively charged, whereas the Kapton surface is negatively
charged. Since the polymer has strong insulation, it can maintain the charge on the surface
of the material for a long time. Then, when axial vibration occurs, the two friction layers are
separated under the action of inertial forces. Due to electrostatic induction, the open circuit
voltage between the two electrodes gradually increases at this time (Figure 2c(ii)). When
the vibrator is running to the top (Figure 2c(iii)), the distance between the two friction
layers is maximized and the open circuit voltage reaches its peak value. Subsequently, the
separation distance between the two friction layers is gradually reduced (Figure 2c(iv)),
and to balance the potential, the charge is transferred in reverse to produce a reverse
current. Finally, the distance between the two friction layers is gradually reduced back to
its initial value. It can be seen that each vibration of H-TENG produces a voltage pulse,
and by counting the number of pulse signals per unit of time, the vibration frequency can
be determined.

3. Experiments and Results

The experiment consists of two parts: testing the sensing performance of H-TENG and
evaluating the performance of collecting vibration energy. Figure 3 shows the experimental
device, Figure 3b is the physical diagram of H-TENG, and Figure 3c is the voltage wave-
form diagram of multiple H-TENGs in parallel. It can be seen in Figure 3a that H-TENG
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is fixed on the vibration table, and by adjusting the vibration table’s controller, different
vibration frequencies can be obtained. When measuring the performance of H-TENG,
the data acquisition card (USB5632, ART Technology Co., Ltd., Beijing, China) and elec-
trometer (6514, Keithley Co., Ltd., Solon, OH, USA) process the H-TENG output voltage
and waveform, which are then connected to the computer and displayed by the LabView
programming software.
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Figure 3. Test devices. (a) Experimental apparatus diagram; (b) physical diagram of H-TENG;
(c) voltage waveform diagram of multiple H-TENGs’ parallel connections.

3.1. The Sensing Performance of H-TENG

After setting up the test bench, the output signal of H-TENG was tested. Figure 3¢
shows several voltage waveforms in parallel with H-TENG. It can be seen that when the
vibration frequency is the same, the change of the number of parallel H-TENG connections
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will also lead to the change of the voltage waveform output by the sensor. When the
sensor consists of one or two H-TENG:s, its output voltage waveform is stable and regular.
However, when the number of H-TENG units in the sensor increases, the peak value of its
output voltage remains basically unchanged, but the waveform of the signal is gradually
disturbed. Due to this, the number of H-TENG units should be selected according to the use
requirements in actual working conditions to avoid the measurement function of the sensor
being greatly affected. After many tests, when the number of H-TENG units in the sensor
exceeds eight, its output voltage waveform will become chaotic, so the number of H-TENG
units should not exceed eight in actual working conditions. Moreover, experiments have
revealed that vibration frequency and amplitude affect H-TENG. As shown in Figure 4a, H-
TENG's output voltage is proportional to the vibration frequency, with a maximum voltage
of 15V, and as the vibration frequency increases, so does the number of voltage pulse
signals per unit time. Next, the effect of vibration amplitude on H-TENG was tested. As
illustrated in Figure 4b, the maximum output voltage of H-TENG can reach 12 V. However,
when the amplitude exceeds 20 mm, the output signal remains stable. The reason for
this may be that when the amplitude exceeds 20 mm, the output voltage of H-TENG will
not increase because of the limited size and area of the friction layer. As the frequency
and amplitude increase, the vibrator accelerates and the extrusion force increases, thereby
increasing the contact area between the two friction layers and resulting in an increase in
the output voltage.

The measurement error of vibration frequency and amplitude is obtained through
statistical analysis. As illustrated in Figure 4c,d, the vibration frequency error is less than
5%, and the amplitude error is less than 6%, which can meet the actual work require-
ments of downhole drilling. On the other hand, the downhole temperature increases
with the increase of the drilling depth, so the impact of the downhole temperature on
the output performance of the sensor is also tested. As illustrated in Figure 4e, when the
relative humidity increases from 20% to 80%, the output voltage of H-TENG gradually
decreases, but the output voltage after the decrease is still very obvious. The output volt-
age of H-TENG decreases as temperature rises, and the drop range is within 12% (0 to
300 degrees Celsius). Nonetheless, the decreased range is still inside the noise signal,
indicating that the sensor can operate correctly within the range of 300 degrees Celsius.
Figure 4f demonstrates that the output voltage of the H-TENG sensor fluctuates minimally
after 10° cycles, indicating that the sensor can still maintain a stable output after a long
period of continuous operation, and that it has high reliability.

3.2. The Performance of Collecting Vibration Energy

H-TENG can convert vibration energy into electrical energy, so the functioning process
of the sensor is also the device’s power generation process. If multiple H-TENGs are
combined, other downhole drilling instruments can be powered. The sensor’s power
generation performance was tested, and the results are shown in Figure 5. As illustrated in
Figure 5a,b, the output voltages of a single H-TENG or four H-TENGs are proportional to
the frequency and external load. When the frequency of vibration is 11 Hz and the series
resistance value is 10! ), a single H-TENG can provide a maximum output voltage of
12 V. When four H-TENGs are connected in parallel, the output voltage of multiple H-
TENGs is up to 13 V. The output current of H-TENG is proportional to frequency and
inversely proportional to resistance, as shown in Figure 5c,d. When the frequency of
vibration is 11 Hz and the series resistance value is 10'° (), the maximum output current
of a single H-TENG is 0.13 pA, and the maximum output current of multiple H-TENG is
0.33 pA. As shown in Figure 5e,f, when the frequency of vibration is 7 Hz, a single H-TENG
can provide a maximum output power of 0.007 uW while the series resistance value is
10° O; when four H-TENGs are connected in parallel, the output power of multiple H-
TENGs is up to 0.27 uW while the series resistance value is 107 Q. The maximum output
power is 0.037 uW for a single H-TENG at a frequency of 11 Hz and a resistor of 10° Q. As
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shown in Figure 5f, for multiple H-TENGs, the maximum output power is 1.57 uW at a
frequency of 11 Hz and a resistor of 10”7 Q.
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Figure 4. Result of the H-TENG sensing performance. (a) Voltage output at various frequencies;
(b) voltage output at various amplitudes; (c) measurement error of vibration frequency; (d) measure-
ment error of vibration amplitude; (e) voltage output at various temperatures and relative humidity;
(f) voltage output at various cycles.

A rectifier bridge is used to convert the output AC signal to a DC signal and charge
the 4.7 uF capacitor in order to display the output power in real-time. As depicted in
Figure 6a, when the charging time is 50 s, a single H-TENG can charge the voltage to 0.8 V,
while multiple H-TENGs can charge the voltage to 2 V, demonstrating the linear charging
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characteristics. The real-time output power of the sensor, which can light twelve LEDs, is
shown in Figure 6b.
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Figure 5. The sensor’s power generation performance. (a) The output voltage of a single H-TENG
under various external loads and frequencies with a 15 mm amplitude; (b) the output voltage of
four H-TENGs under various external loads and frequencies with a 15 mm amplitude; (c) the output
current of a single H-TENG under various external loads and frequencies with a 15 mm amplitude;
(d) the output current of four H-TENGs under various external loads and frequencies with a 15 mm
amplitude; (e) the output power of a single H-TENG under various external loads and frequencies
with a 15 mm amplitude; (f) the output power of four H-TENGs under various external loads and
frequencies with a 15 mm amplitude.
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Figure 6. H-TENG power generation tests. (a) Capacitor charging curve; (b) a picture depicting the
LEDs being lit in real-time by output power.

4. Conclusions and Future Perspectives

Inspired by honeycomb, a self-powered sensor for downhole applications is proposed
in this research. The designed H-TENG can measure the vibration frequency in the drill
string from 0 to 11 Hz and the amplitude from 5 to 25 mm. Errors in measuring vibration
frequency and amplitude are fewer than 5% and 6%, respectively. When the vibration
frequency is 11 Hz, a single H-TENG’s output voltage is 12 V. Furthermore, any H-TENG
can be utilized as an independent vibration sensor, which means that even if one of
the H-TENGs are damaged, the other H-TENGs can continue to function, resulting in
high reliability. In terms of self-powered performance, the maximum output power is
1.57 uW at a frequency of 11 Hz and a resistor of 107 Q when multiple H-TENGs are used
in combination. H-TENG can light up to twelve LEDs in real-time, proving that the sensor
can power other downhole instruments.

The H-TENG has the following advantages. Firstly, the H-TENG can realize self-
powered sensing, it has a wide measurement range, high measurement accuracy, good
high-temperature resistance, and its output voltage fluctuation is still very small after
repeated work. Secondly, the H-TENG is composed of multiple sensing units, and the
internal structure of each unit is consistent, so when one of the sensing units fails, the other
units can still be used normally without affecting the measurement function of H-TENG.
Thirdly, the combination of multiple sensing units can effectively improve the overall
output power of H-TENG, which also makes it possible for H-TENG to supply power to
other micro-power devices in the downhole environment.

However, although H-TENG satisfies the fundamental requirements, there are still two
things that need to be enhanced. One is that the amplitude measurement error is currently
slightly larger, which will cause the small gap between the output voltage produced by
different amplitudes to introduce errors. The other is that H-TENG has limited power
generation, but in the future, it is possible to increase power generation by changing
nanomaterials and perfecting the structure of H-TENG.
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