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A rolling-mode triboelectric nanogenerator
with multi-tunnel grating electrodes and
opposite-charge-enhancement for wave
energy harvesting

Yawei Wang1,2,4, Hengxu Du2,4, Hengyi Yang2,4, Ziyue Xi2,4, Cong Zhao2,
Zian Qian2, Xinyuan Chuai3, Xuzhang Peng1, Hongyong Yu2, Yu Zhang2, Xin Li3,
Guobiao Hu 1 , Hao Wang2 & Minyi Xu 2

In light of the crucial role of marine ecosystems and the escalating environ-
mental conservation challenges, it is essential to conduct marine monitoring
to help implement targeted environmental protection measures efficiently.
Energy harvesting technologies, particularly triboelectric nanogenerators
(TENGs), have great potential for prolonging the lifespan and enhancing the
reliability of sensors in remote areas. However, the high internal resistance,
low current, and friction-induced abrasion issues of TENGs limit their perfor-
mance in practical applications. This work presents a rolling mode tribo-
electric nanogenerator that utilizes multi-tunnel grating electrodes and the
opposite-charge-enhancement mechanism to harvest wave energy efficiently.
The device achieves significant instantaneous and root mean square power
density of 185.4 W/(m3·Hz) and 10.92 W/(m3·Hz), respectively. By utilizing
stacked devices and an exclusively designed power management module, a
self-powered ocean sensing system including computing and long-range
wireless communication (0.8 km) capabilities was developed. Laboratory and
in-situ ocean testswere conducted to assess and validate the system. Thiswork
offers a potential solution for the challenging deployment of marine self-
powered sensing nodes.

More than 95% of the ocean is unexplored by humans, though it is
crucial to the climate system, harborsmany undiscovered species, and
governs the global weather pattern1. The urgency for ocean explora-
tion is escalatingbecauseof globalpopulationgrowth and thepressing
need for resources. However, significant threats such as marine pol-
lution and climate change present significant challenges to the marine
environment and resources2. Therefore, deploying real-time and long-

term monitoring technologies is imperative for ensuring ocean
sustainability3,4. Nevertheless, the harsh and expansive nature of the
oceanic environment often restricts the lifespan and deployment
scope of monitoring equipment with heavy reliance on batteries and/
or cord power supplies. Harnessing in-situ energy from the marine
environment to energize ocean observation nodes presents a viable
solution to overcome these limitations5–7. Many designs, therefore,
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have been proposed to convert marine energy into electricity through
different transduction mechanisms, including electromagnetic8,
piezoelectric9,10, and triboelectric11–13. Triboelectric nanogenerators
(TENGs) possess characteristics such as simple structure, magnet-free,
lightweight, and robustness based on the principle of triboelectrifica-
tion and electrostatic induction. Studies have pointed out that TENGs
are more suitable for harvesting high-entropy kinetic energy and
powering milli-watt electronics than other technologies14.

The utilization of TENGs for harvesting blue energy has attracted
considerable interest15–18. Over the last decade, a variety of prototypes
have been developed and can be broadly classified into two primary
categories: open and enclosed configurations. Open-type TENGs are
based on the triboelectrification between solid and liquid19,20. These
harvesters have simple structures and are lightweight. Nonetheless,
the durability of the contact materials in open-type TENGs is sig-
nificantly reduced due to seawater’s corrosive effect. Enclosed-type
TENG scavenges blue energy through the relativemotion generated by
inertia21,22. Equipping TENGs with a protective casing can shield them
from harsh ocean conditions, thereby boosting their outputs and
extending their service lifespans23–26. Employing rolling balls as inertial
bodies is esteemed as an ideal scheme in this field27,28. The low friction
and effortless activation characteristic of the rolling balls contribute to
significantly enhancing durability, seamless integration, and superior
output performance of the rolling-mode TENGs29,30.

In 2015, Wang et al.31 proposed a free-standing TENG based on a
rolling structure (RF-TENG), for harvesting wave energy. The enclosed
structure and the rollingmode facilitated high charge transfer and low
friction. Zhang et al.26 designed a sea-snake structure-inspired TENG
(SS-TENG) for ocean energy harvesting. Unlike the RF-TENG, which
features a spherical configuration, the SS-TENG was engineered with a
hexahedral architecture. This design choice allows for additional
dielectric balls, facilitating a greater power output. Recent advance-
ments in the field have enhanced the SS-TENG through materials
selection21, electrode design25,32–34, and building harvester networks35,
promoting it toward practical applications in the ocean. While it has
been proven that TENGs, particularly those in rolling mode, can be
effectively driven by wave to generate substantial voltage output, the
prevalent low-frequency wave dynamics in marine environments
typically lead them to produce very limited current outputs (<5μA) at
optimal resistances reaching giga-Ohms (GΩ). This limitation poses
significant challenges for directly employing such TENGs to power
electronic devices in the marine environment. Grating electrodes are
employed to boost current output and decrease internal resistance by
accelerating charge transfer36, typically in conjunction with sliding
mode TENGs3 and frequency up-conversion strategies (FUC)24. How-
ever, the inherent sliding friction in sliding mode TENGs significantly
deteriorates their output performance and durability37. On the other
hand, although the FUC strategy can optimize the performance of
piezoelectric and electromagnetic generators, it diminishes the effi-
cacy of TENGs in low-frequency applications.

In this work, a rolling-mode triboelectric nanogenerator (MO-
TENG) is designed and proposed. It utilizes multi-tunnel grating elec-
trodes and the opposite-charge-enhancement mechanism to harvest
wave energy efficiently, as illustrated in Fig. 1a–d. These strategies
improve TENGs’ performance, leading to an instantaneous power
density of 185.4W/(m3·Hz) and a root mean square (RMS) power
density of 10.92W/(m3·Hz). A power management module (PMM) is
designed to optimize the capacitor charging performance, resulting in
an ~150-fold increase in stored energy. Furthermore, a self-powered
ocean sensing (SOS) system with ultra-low power consumption and
cold-start capability has been developed to enable wireless self-
powered sensing. Notably, a buoy equipped with stacked MO-TENG
unitswas testedboth in the laboratoryand in the realocean. This smart
buoy successfully realized self-powered water quality monitoring and
wireless communication tasks, demonstrating significant potential for

practical deployment. Overall, the design methodology presented in
this work could notably improve the performance of rolling-mode
triboelectric nanogenerators, offering a reliable solution for their use
within the marine Internet of Things (IoT) domain.

Results
Configuration and working mechanism
Figure 1a shows the 3D exploration diagram of the MO-TENG, which
consists of two substrates, two baffles, grating electrodes, PTFE balls,
and Nylon balls. The substrates and baffles are fabricated via fused
deposition modeling (FDM) 3D printing technology, using polylactic
acid (PLA) as the printingmaterial. Other components of the TENG are
enclosed in the housing composed of the two substrates and baffles.
Dielectric (PTFE and Nylon) balls serve as inertial bodies that can roll
back and forth in the housing tunnel. The rolling-mode design, illu-
strated in Fig. 1b, ensures that theTENGcanbe easily activated and also
offers thebenefits of low friction and improveddurability. Copper (Cu)
foil tapes are equidistantly attached to the substrates to serve as the
electrodes and the electrificationmaterial. This approach incorporates
multi-tunnel and grating electrodes to enhance the electrostatic
induction and the current output, as illustrated in Fig. 1c, d36. More-
over, PTFE and Nylon balls with opposite-charge polarization are
packed and arranged in themulti-tunnel structure, leading to a ternary
electrification architecture (PTFE, Cu, and Nylon), as illustrated in
Fig. 1e. As the opposite-charge-enhancement is introduced in the
rolling mode, the output of the MO-TENG is significantly enhanced.
Figure 1f illustrates a substantial enhancement of the MO-TENG’s
performance, showcasing a transferred charge of 319.1 nC and an
output current of 16μA. Compared with the flat structure TENG (F-
TENG)33 and multi-tunnel TENG (M-TENG)32, the MO-TENG exhibits a
7-fold and 2.3-fold increase in transferred charge and a 51.6-fold and
14.95-fold increase in current output, respectively. Referring to pre-
vious studies of rolling-modeTENGs, theMO-TENGhas a small internal
resistance and can produce a much larger peak power density, as
shown in Fig. 1g21,25,30,33–35,38,39. The blueprints of this device in ocean
applications are depicted in Fig. 1h. Integrated with buoys, MO-TENGs
can be able to convert chaotic, low-frequency, high-entropy wave
energy into electricity, powering light-emitting diodes (LEDs), sensors,
and communication modules serving marine beacons, farms, and
contaminant alarms.

The proposed MO-TENG can boost the output by utilizing multi-
tunnel grating electrodes. This is because the multi-tunnel strategy
increases the effective electrode area during the balls’ rolling process,
compared with the flat electrode structure21,26,33,34. Moreover, the
multiple isolated channels restrict the movements of the inertial balls,
allowing them to move between electrodes in a more regulated man-
ner rather than being highly random21,25. Prior to a thorough experi-
ment on the MO-TENG to evaluate its electric characteristics, the
choices of the design parameters of theMO-TENG arefirst explained in
Supplementary Note 1. In this study, dielectric balls with a diameter of
12.7mm and multi-tunnel grating electrodes with a diameter of
13.5mm are used for further experiments. Figure 2a–g compares the
electrode configurations of the F-TENG, the M-TENG, and the MO-
TENG to elaborate on their differences. In this study, the housing of the
rolling-modeTENG is conceptually simplified to a hexahedral shape, as
depicted in Fig. 2a. The length, width, and height are L1, L2, and H,
respectively. The X–Z and Y–Z views of the F-TENG, the M-TENG, and
the MO-TENG are shown in Fig. 2b–g, respectively. The substrate
thickness is denoted by δ1, the thickness of the Cu film is δ2, and the
diameter of the inertial balls isd. Note that for theM-TENG, the spacing
between each tunnel is δ3.

To make a fair comparison, we assume that the numbers of PTFE
balls in three kindsof TENGs are the same,withn1 in theXdirection and
n2 in the Y direction. Furthermore, the distance between two electro-
des is all set as g. According to the geometric relation illustrated in the
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figures, the parameters of the housing of the F-TENG, theM-TENG, and
the MO-TENG can be calculated as follows:

L1,F�TENG =n1d + δc

L2,F�TENG = 2n2d + g

HF�TENG =d +2 δ1 + δ2

� �

8
><

>:
ð1Þ

L1,M�TENG =n1 d +2δ2 + δ3

� �

L2,M�TENG = 2n2d + g

HM�TENG =d +2 δ1 + δ2

� �

8
><

>:
ð2Þ

L1,MO�TENG =n1 d +2δ2 + δ3

� �

L2,MO�TENG = 2n2 d + gð Þ
HMO�TENG =d +2 δ1 + δ2

� �

8
><

>:
ð3Þ

where δ2 and δ3 represent the differences in L1 and L2 between the
F-TENG and the M-TENG, respectively. Assessing the spacing between
dielectric balls in the X–Y plane presents a challenge. To address this,
the parameter δc is introduced to quantify the total gap distance along
the X direction in the F-TENG, excluding the space occupied by
dielectric balls. Furthermore, from Eqs. (2, 3), one can find that the
change of L2 between the M-TENG and the MO-TENG originates from
the presence of multiple gaps in multi-tunnel grating electrodes.
Limited by the 3D printer, the minimum δ3 that can be set is 1.5mm,

and g is 1.7mm. The thickness of the used Cu film (δ2) is 0.15mm, and
the inertial ball’s diameter d is 12.7mm.We set L1 = L2 = 150mm for the
convenienceofmanufacturing and assembly. Substituting thesevalues
into Eqs. (1–3) yields (n1, n2) for the F-TENG, the M-TENG, and the MO-
TENG as (11.8110, 5.8386), (10.3448, 5.8386), and (10.3448, 5.2083),
respectively. To ensurea fair comparison, the threeTENGsshouldhave
the same number of balls. As the numbers of balls are integers, n1 is set
at 10 and n2 at 6 for the subsequent analysis. Considering n2 = 6, the
multi-tunnel grating electrode with 12 segments is determined, as
discussed in Supplementary Note 1. The electrode areas in the three
TENGs are formulated by:

SF�TENG = 2L1L2 � 2gL1
SM�TENG =n1πd L2 � g

� �

SMO�TENG =n1πdL2 � 2n1n2πdg

8
><

>:
ð4Þ

substituting the design values into Eq. (4) yields SF-TENG = 44,490mm2,
SM-TENG≈59,167mm2, and SMO-TENG≈51,708mm2, indicating that the
effective electrode areas of the M-TENG and the MO-TENG are
enlarged by 33% and 16%, respectively, compared with the F-TENG.
The enlargement of the electrode area contributes to the improve-
ment of the performance of the M-TENGs25,32.

Figure S1 shows the photograph of the F-TENG and the M-TENG,
housing the same number of PTFE dielectric balls. The short current
transfer charge (Qsc) of the two TENGs is evaluated and compared in
Fig. S2. The result shows that the transferred charge amount increased
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by over twofold with the use of the multi-tunnel structure. The pro-
totyped multi-tunnel grating electrode structures without/with
dielectric balls are shown in Fig. 2h, i, respectively. There are two sets
of electrode networks with 12 segments in complementary patterns.
Fine grooves separate the neighboring tunnels. PTFE and Nylon balls
with opposite-charge affinities serve as the inertial bodies that roll in
theMO-TENG and also thematerials that incur triboelectrification. The
triboelectrification that occurs between two materials, such as PTFE
and Nylon, is illustrated in Fig. S3, utilizing the surface state model40.
Together with the electrode material (Cu), the three materials con-
stitute a ternary triboelectrification layer, and the electron cloud
potential-well models are shown in Fig. 2j. Due to the different charge
affinities of the three materials, the electrons will migrate from higher
orbits to empty orbits when they get into contact until the potential-
well depths are balanced. According to the triboelectric series41, the
charge affinities of the threematerials are ranked as PTFE >Cu >Nylon,
implying that the electrons transfer from Nylon to Cu and PTFE in the
contact interface. Existing research suggests that implementing a
ternary electrification layered architecture can significantly improve
triboelectrification when compared to a binary counterpart37,42, lead-
ing to an augmented output performance.

In addition, this strategy canalso affect the electrostatic induction
process through an opposite-charge-enhancement mechanism, as
depicted in Fig. S4. It illustrates that the induced transfer charge
between two electrodes is doubled owing to the presence of two dis-
tinct types of balls. The working principle of the MO-TENG resembles
the free-standing mode TENG43, with the movable part’s length being
half of the stator’s length, as shown in Fig. 2k–m. Assuming the tri-
boelectrification process is saturated, the PTFE and Nylon balls,

respectively, carry negative and positive charges. Suppose Fig. 2k
depicts the initial states of the balls. When they roll toward the right
(Fig. 2l), a conduction currentflowing rightward is produceddue to the
variation of the displacement current. As the ball continues to roll
toward Fig. 2m, a leftward current is generated until the ball stops. To
further substantiate the proposed mechanism, the potential distribu-
tions of the MO-TENG with two and six dielectric balls were simulated
using COMSOL (Figs. S5, 6). It should be noted that the results were
obtained under open-circuit conditions. A completed and assembled
MO-TENG is shown in Fig. S7, and the dimension details are annotated
in Fig. S8. Note that the dimension parameters of the fabricated MO-
TENG are slightly different from those in the mathematical model due
to the limited accessibility of materials and machining and assembly
errors. A step-by-step tutorial for prototyping the MO-TENG is depic-
ted in Fig. S9, including the manufacturing, assembling, and stacking
processes. This tutorial showcases the simplicity of this configuration,
making it easy to fabricate, integrate, and utilize in practical
applications.

Material selection
This subsection investigates the influences of the triboelectrification
materials on the MO-TENG. A consistent external excitation with a
frequency of 0.5 Hz and a peak-to-peak amplitude of 90mm is gen-
erated using a linear motor, as depicted in Figs. S10, 11. Figure 3a–c
presents a comparative analysis of the triboelectrification potential of
M-TENGs utilizing various dielectric balls. Specifically, the M-TENG
using PTFE balls demonstrates superior performance, with an open-
circuit voltage (Voc) of 1628.34 V, a short-circuit current (Isc) of
306.89 nA, and a short-circuit charge (Qsc) of 147.9 nC. Polypropylene
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(PP) balls, Polyoxymethylene (POM) balls, and Nylon (PA66) balls can
also be considered, although their outputs are smaller. Nitrile buta-
diene rubber balls and fluoroelastomer balls produced negligible
outputs and were, thus, not considered. According to the triboelectric
series, PTFE and PP exhibit high affinities to attract electrons, whereas
POM and PA66 are more prone to lose electrons21,40,44. For the MO-
TENG, which employs the ternary electrification architecture, it is
crucial to use two types of dielectric balls with opposite triboelec-
trificationproperties. Furthermore, a thirdmaterial is required to serve
as the electrode and form the ternary electrification architecture.
Aluminum (Al) and Cu are often used as electrodematerials. We tested
eight different combinations of these materials to evaluate and com-
pare the performance. As can be found in Fig. 3d, for identical
dielectric balls, the MO-TENG using Cu as the electrode material gen-
erates a higher output than those using Al. Among all combinations,
the one comprising [PTFE, PA66, Cu] exhibits the highest perfor-
mance. Therefore, it is identified as the optimal combination for fur-
ther investigation in subsequent studies.

Leveraging on the opposite-charge-enhancementmechanism, the
Qsc witnesses a significant rise from 43.15 to 250.28 nC during the
rolling cycle in 260 s, as shown in Fig. 3e and Fig. S12. Figure 3f and
Fig. S13 present and compare the outputs of the M-TENG and MO-
TENG. The Isc, Qsc, and rectified charge experience substantial growth

from0.77 to 15.96μA, 140.17 to 308.95 nC, and0.87 to 12.63μC (in 5 s),
respectively. Nevertheless, the Voc exhibits a notable reduction,
decreasing from 1688.16 V (M-TENG) to 532.94 V (MO-TENG). This
phenomenon is attributed to the increase of the capacitance of the
TENG, which results from the introduction of grating electrodes, as
revealed in Fig. S14. According to Eq. (5), an increase in capacitancewill
result in a voltage drop36.

Voc =
4σsc � S

C
ð5Þ

where Δσsc is the short-circuit transferred charge density, S is the total
electrode area, and C is the capacitance between the electrodes.
Figure 3gpresents the voltage and currentwaveformsof theMO-TENG
over a duration of 6 s. Gray-shaded areas emphasize the device’s
responses within one single cycle, featuring 6 voltage peaks and 12
current peaks (details are depicted in Fig. S15). This configuration
results in an increased charge transfer speed and, thus, a larger current
output, underscoring the MO-TENG’s enhanced performance.

Performance evaluation
This subsection presents the analysis of the output performance of the
MO-TENG. As illustrated in Fig. S16, the MO-TENG is mounted on a

Vo
lta

ge
 (V

)

0

100

200

300

400

500

PTFE-PA66
PTFE-POM

PP-PA66
PP-POM

PTFE-PA66
PTFE-POM

PP-PA66
PP-POM

0

4

8

12

16

C
ur

re
nt

 (μ
A)

0

100

200

300

C
ha

rg
e 

(n
C

)

Cu Ald e

0 50 100 150 200 250

-150

-75

0

75

150

C
ha

rg
e 

(n
C

)

Time (s)

43.15 nC

250.28 nC

NBR FKM PP PA66 POM PTFE
0

50

100

150

C
ha

rg
e 

(n
C

)

NBR FKM PP PA66 POM
0

4

8

12

C
ha

rg
e 

(n
C

)

c

NBR FKM PP PA66 POM PTFE
0

50

100

300

C
ur

re
nt

 (n
A)

b

Vo
lta

ge
 (V

)

NBR FKM PP PA66 POM PTFE
0

500

1000

1500

NBR FKM PP PA66 POM
0

5

10

15

20

25

Vo
lta

ge
(V

)

a

g

0 1 2 3 4 5 6
Time (s)

-16

-8

0

8

16
-240

-120

0

120

240

C
ur

re
nt

 (μ
A)

Vo
lta

ge
 (V

)

One Cycle

400

800

1200

1600

Vo
lta

ge
 (V

)

M-TENG MO-TENG

0

4

8

12

16

20

C
ur

re
nt

 (μ
A )

150

200

250

300

C
ha

rg
e 

(n
C

)

0

4

8

12

16

R
ec

 C
ha

rg
e 

(μ
C

)

f

Fig. 3 | Material selection of the MO-TENG. a–c Voc, Isc, and Qsc of the M-TENG
using different materials. Data are presented as mean values ± SD. d Output per-
formance of MO-TENGs using different material combinations. Data are presented

as mean values ± SD. e Charge accumulation process of the MO-TENG. f Output
comparison between the M-TENG and the MO-TENG. g Voltage and current
waveforms of the MO-TENG.

Article https://doi.org/10.1038/s41467-024-51245-5

Nature Communications |         (2024) 15:6834 5



rocking platform, which is controlled by a stepper motor to simulate
wave excitation by varying the swing angle (θ) and the frequency of the
rocking motion (f). As depicted in Fig. 4a, with f set at 0.5 Hz and θ
varying between 5° and 30°, the open-circuit voltage (Voc) generated
by the MO-TENG rises from 100.36 to 538.15 V. At the same time, Isc
increases from 1.31 to 19.42μA, and the short-circuit charge Qsc from
110.32 to 379.06 nC. The MO-TENG’s performance improves with a
larger θ because the triboelectrification effect gets enhancedwhen the

dielectric balls roll over longer distances under a larger excitation. By
maintaining θ at 30°, the impacts of the excitation frequency f (varied
from 0.1 to 0.5Hz) on Voc, Isc, and Qsc are presented in Fig. 4b. As the
red dot line shows, increasing the frequency from 0.1 to 0.5 Hz results
in Voc rising from 164.84 to 537.74 V. The induction charge transfer
speed rises with the increase of the excitation frequency, resulting in a
surge in the current output from 6.27 to 19.37μA. The transfer charge
Qsc also exhibits a rising trend, increasing from 272.77 to 378.68 nC,
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when f increases from 0.1 to 0.5Hz. This phenomenon occurs as a
higher excitation frequencyprompts the balls to traversemore swiftly,
thereby converting more kinetic energy into electricity. The raw data
waveforms of the voltage, current, and transfer charge of the MO-
TENG and the corresponding RMS current values are presented in
Figs. S17–22. Previous research shows that Voc andQsc tend to saturate
when the swing angle and excitation frequency are tuned high
enough25,33. Considering the real ocean waves, the parameters are
limited to a certain range (θ < 30°, f <0.5Hz). Across those figures, it
can be observed that, with the increases in the swing angle and exci-
tation frequency, the growth rates of Voc and Qsc gradually decline.

By varying the load resistance while keeping the θ and the f con-
stant at 30° and 0.5 Hz, respectively, the power output of the MO-
TENG is investigated. As depicted in Fig. 4c and Fig. S23, theMO-TENG
achieves themaximum instantaneouspoweroutput of about 37.17mW
at an optimal resistance of 200MΩ. Compared to the M-TENG, which
reaches the maximum instantaneous power of 0.76mW at the
matching resistance of 900MΩ, the MO-TENG’s maximum instanta-
neous power output is about 48.9 times higher, and its internal resis-
tance is reduced by ~3.5-folds. With an RMS power of about 2.19mW,
the MO-TENG outperforms the M-TENG by more than 23 times, as
shown in Fig. S24. According to the geometries in Fig. S8, the volume
of the MO-TENG is determined to be 400.98 cm3. Hence, the instan-
taneous and RMS power densities are 185.4 and 10.92W/(m3·Hz),
respectively. These results highlight the MO-TENG’s unparalleled per-
formance among wave energy harvesting TENGs that utilize diverse
mechanisms. A comprehensive comparison is detailed in Fig. 1f,
Fig. S25, and Table S1, showcasing the MO-TENG’s superior output.

The abrasion issue that inevitably occurs on the contact interface
seriously deteriorates TENG’s performance37. The inherent low-friction
nature of the rolling mode can help maintain the TENG’s stable output
over a prolonged period, enhancing its durability in marine environ-
ments. As depicted in Fig. 4d, the MO-TENG generates a consistently
stable current output over 10 days. The insets within Fig. 4d illustrate
the current waveforms recorded on days 1 and 10, proving the MO-
TENG’s long-term operational reliability. Moreover, Fig. 4e displays
scanning electron microscopic (SEM) images of the surfaces of the
PTFE ball, Nylon ball, and Cu film before use (sub-images 1, 3, and 5 in
the first row) and after 10 days of testing (sub-images 2, 4, and 6 in the
second row). The minimal interface abrasion observed upon compar-
ison substantiates the MO-TENG’s stable output and high durability.

Since one singleMO-TENGunit has a limited output,multipleMO-
TENG units can be stacked and connected in parallel to boost the
output and lower the internal resistance. The resistance dependence
of the peak and RMS power outputs of a stacked MO-TENG having 10
units are shown in Fig. 4f and Figs. S26, 27. It was tested on a three-
degree-of-freedom (3-DOF) swing platform (Fig. S28) and in a wave
tank (Fig. S29). This approach offers a practical solution to meet the
power requirements of various electronic devices. However, one issue
with the stacked configuration is that the asynchronousmovements of
the inertial balls across different layers may lead to the neutralization
of current, thereby reducing the overall effectiveness. To address
this challenge, we have developed a PMM, to mitigate these adverse
effects andmaximize the power output. The circuit diagram and other
details are shown in Fig. 4g and the “Methods” section. As depicted in
Fig. 4h, the RMS power outputs of a single MO-TENG unit using PMM
and without using PMM are evaluated. Under the excitation of 0.5 Hz
and 30°, the RMS power is 1.65mW at a low optimal resistance of
40KΩ when using PMM, and it is 2.19mW at 200MΩ without using
PMM. Thus, the energy efficiency of the PMM is about 78.5%, calcu-
lated using the following equation: η = PRMS,with PMM /PRMS,without PMM.
Despite the decline of the RMS power, the significant decrease in
internal resistance due to the use of PMM will facilitate impedance
matching and enhance charging speed. As shown in Fig. 4i, a single
MO-TENG unit using PMM can collect 149 times more energy when

charging a capacitor (100μF) in 1 min. The charging data in the initial
5 s show that after using PMM, the charging curve exhibits a step-like
increase, signifying a high growth rate. Figure S30 and Fig. 4j illustrate
the charging performance of a single MO-TENG unit and ten stacked
MO-TENG units using PMM for other large capacitors. These results
indicate that the stackedMO-TENGs have significant potential to serve
as power sources for heavy-load electronic devices.

Application demonstration
Ten MO-TENG units are stacked to demonstrate the application in the
marine environment. Figure 4g shows the circuit design for the stacked
MO-TENG (physical prototype shown in Fig. 5a).When subjected to the
excitation of the commercial swing platform at 0.5Hz and 10°, the
stacked MO-TENG units can easily illuminate 120 LEDs (0.5W) con-
nected in series, as shown in Fig. 5b and Supplementary Movie 1.
Notably, supplying power to sensors is a pivotal application scenario
for TENGs toward self-powered IoT nodes. Nevertheless, the wave
excitation changes unpredictably over time. The power consumption
of sensors and wireless transmitter modules is typically several to
several tens of times higher than the power outputs of TENGs27. Hence,
the harnessed energy fromMO-TENGs needs to be carefully regulated
to realize self-powered marine in-situ monitoring. The vital problem is
that if the capacitor prematurely provides energy to the rest of the
electronic components, it would drain the stored energy and hardly
meet the end. To prevent premature power-up of the wireless sensing
circuit, we added a cold-start phase and developed an SOS system by
synergizing energy harvesting, sensing, and wireless communication
techniques. The architecture of the SOS system is shown in Fig. 5c, and
details of the electronics and workflow are described in the “Methods”
section.

Considering the excellent charging performance of the stacked
MO-TENGunits and the relatively high energy consumption of the SOS
system, a large storage capacitor C2 of 6800μF is used.We studied the
performance of the SOS system under an external excitation by the
linear motor. As shown in Fig. 5d and SupplementaryMovie 2, the self-
powered SOS system accomplished the sensing task three times in the
recorded timewindow. The time-history chart of the storage capacitor
(C2) voltage is illustrated in Fig. 5e. Under the external excitation, the
SOS achieved a cold-start at 244 s, with the capacitor C2 being charged
from 0 to 5.10 V. Then, the SOS system realized a quick wake-up,
and power was delivered to the total dissolved solids (TDS) sensor and
LoRa module for collecting and sending data, as shown in Fig. 5f. This
process continued for about 1.5 s and ended with a voltage drop of
1.4 V, which indicates a release of 41.9mJ of energy. Then, all appli-
ances stopped working except LTC3588-1, and the under-voltage
lockout (UVLO) function restarted to guarantee the energy accumu-
lation of the capacitor (Fig. 5g).

We sealed the stackedMO-TENG together with the circuit module
in an acrylic buoy to investigate its application potential in the marine
environment. As demonstrated in Fig. S31 and SupplementaryMovie 3,
under the excitation of the simulated wave (0.6Hz, 8 cm height), the
buoy with the 10 stacked MO-TENG units can directly power a marine
navigation light. Moreover, as shown in Fig. 5h, i and Supplementary
Movie 4, the self-powered buoy collects and transmits the TDS value to
the receiving end three times within 150 s. Considering the random
nature (frequency, direction, etc.) of real waves, the buoy is driven to
conduct movements in all 6-DOF: surge/sway/heave, roll/pitch/yaw.
The external excitation direction does not always align with the multi-
tunnel’s orientation, and an angle often exists between them. As illu-
strated in Fig. S32, α is designated as the angle between the external
excitation direction and the tunnel orientation. Figure S33 shows how
α impacts the output of a stacked MO-TENG with 10 units under an
excitation of 0.5Hz and a 10° generated by the 3-DOF platform. The
results reveal that the stacked MO-TENGs achieve optimal output
performance when α is at 0°. As α increases, both Isc and Qsc exhibit a
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gradual decline. Upon reaching an angle of 90°, the output diminishes
to almost zero.

To address this, we designed a buoy with 30 cells and organized
into groups of 10 cells each. Each group is twisted at an angle of 120° to
collect wave energy from different directions efficiently. The buoy is
designed to be 1.0m high with a diameter of 0.28m, and detailed

dimensions are annotated in Fig. S34. The capsule-shaped buoy was
weighted down (using iron blocks positioned near its base) to achieve
a draft of 0.6m andmaintain a vertical center of gravity (VCG) located
0.25m above the baseline. The buoy is loosely moored with a single
catenary cable and a gravity anchor, and the design details are shown
in Supplementary Note 2. To analyze the data and validate the working
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state, a wireless voltage monitor (WVM) was designed to collect the
voltage values of the storage capacitor and transmit the data via a LoRa
wireless communication module. The WVM is powered by a Li-ion
battery, which is isolated from the MO-TENG and SOS system. The
buoy, equipped with 30 MO-TENGs units and other components, is
depicted in Fig. S35. A random wave tank (50 × 30 × 5 m), as shown in
Fig. S36, was used to test the energy harvesting capability and self-
powered sensing performance of the buoy. In Fig. 5j, k and Supple-
mentary Movie 5, the buoy powered by the stacked MO-TENG suc-
cessfully transmitted the TDS value three times via LoRa
communication under a random wave excitation. The energy har-
vesting process took 80, 90, and 85 s, respectively, for each
transmission.

Furthermore, as illustrated in Fig. 5l, the buoy equipped with
stacked 30 MO-TENG units was deployed in the real ocean environ-
ment of Bohai Bay, Dalian City, to showcase its potential for practical
use. The auxiliary functional circuit modules were housed within the
buoy’s dome, as depicted in Fig. 5n. In Figure S37 and Supplementary
Movie 6, the buoy recharged the capacitors by harnessing energy from
thewave and enabled the SOS system to realize a cold start after 450 s.
This self-powered smart buoy successfully detected the water quality
and transmitted the data via the SOS system. The mission was carried
out three times to prove the robustness, and the charging history is
displayed in Fig. 5m. Receiver #1 and receiver #2 received the wireless
water quality sensing signals at a distance of 40m and0.8 km from the
buoy, respectively, as shown in Fig. 5o–q. This proves that the smart
buoy can be deployed along the coast and marks a pioneering
endeavor to use a fully TENG-based device for realizing self-powered
sensing applications under actual ocean conditions.

Discussion
In this work, we have designed and prototyped a rolling-mode tribo-
electric nanogenerator (MO-TENG) with enhanced performance by
adopting the strategies of multi-tunnel grating electrodes and
opposite-charge-enhancement. The effective electrode area enlarge-
ment by the multi-tunnel design has been explained. Comprehensive
studies of theworkingprinciple andperformanceof theproposedMO-
TENG have been presented. Benefiting from this design, the MO-TENG
can produce an instantaneous power density of 185.4W/(m3·Hz) and
an RMSpower density of 10.92W/(m3·Hz). A PMMhas been developed
to enhance the output of the stacked MO-TENGs, leading to a 150-fold
increase in energy storage. Furthermore, an SOS system featuring
cold-start capability has been developed for remote andwireless water
quality monitoring. At the same time, stacked MO-TENGs enable the
scalable construction of self-powerednodes formaritimeapplications,
and this has been validated under various laboratory conditions. Fur-
thermore, a buoy equipped with stacked MO-TENGs was tested in a
real ocean environment for powering the SOS system. The intelligent
buoy accomplished the self-powered sensing task three times within
920 s over a maximum transmission distance of 0.8 km, which marks
the pioneering instance of a TENG-powered device serving in a real
ocean environment. The results have validated the superiority of the
MO-TENG and proven its potential as the cornerstone for the self-
powered sensing nodes that serve the marine IoT and the ocean
digital twin.

Methods
Fabrication of the MO-TENG
One MO-TENG unit is made up of two substrates, two baffles, one pair
of electrodes, and dielectric balls. The assembly process involves the
following steps: (1) fabricate the substrates and baffles using an FDM
3D printer (Bambu X1 Carbon), utilizing PLA as the material. (2) Affix
Cu tapes onto the substrates, ensuring a consistent gap and connect-
ing them at regular intervals to create a pair of grating electrodes. (3)

Load the dielectric balls into the tunnel. (4) Complete the assembly by
adding the two baffles and the second substrate, securing everything
in place with Kapton tape. Dimension details and a step-by-step
tutorial of the MO-TENG can be found in Figs. S8 and S9.

Components of the PMM circuit
The PMMcomprises two parts: the rectification part and the buckpart.
The rectification part regulates the AC outputs of the stacked MO-
TENGs and converts them to DC through the full-bridge rectifier (DB-
107). The core of the PMM is the buck part that can adjust the voltage
and the impedance of the MO-TENG45. A capacitor C1 of 100 pF is
the direct load of the harvester to extract maximum energy during the
charging period. A gas discharge tube (SX51-230) acts as a switch,
enablingC1 to accumulate energy under low-frequency excitations and
release it instantaneously. The rest of the buck part consists of an
ultrafast diode D (MUR460) and an inductor L (1mH).

Components of the self-powered ocean sensing (SOS) system
SOS comprises the stacked MO-TENG units, the PMM, a charging
capacitor C2, a voltage regulator (LTC3588-1), a low-power consump-
tion system on chip (nRF 52832), a long-distance communication
module (Lora, SX1276), a water quality sensor to detect the value of
TDS, and a receiving end (consisting of an Arduino Nano, a Lora
module and a laptop). The capacitorC2 collects the electricity from the
stacked MO-TENG units through PMM and connects the voltage reg-
ulator. The voltage regulator, LTC3588-1, features an ultra-low quies-
cent current UVLOmode with a hysteresis window of ~1 V. This design
ensures that the system can quickly cold start once sufficient energy is
collected in the storage capacitor and remains operational even if the
voltage drops within a tolerance46,47.

Fabrication of the buoys
Thediameter andheight of the acrylic buoy in Fig. 5h are 25 and40 cm,
respectively. The buoy top was sealed with a rubber O-ring. Before the
water tank test, the MO-TENGs, PMM, and SOS systems were sealed
inside the buoy. The TDS sensor probe was positioned outside the
buoy, connected by a wire that passes through the buoy bottom,
which was sealed with a waterproof joint. The acrylic buoy depicted in
Fig. 5i, j has a diameter of 28 cm and a height of 104 cm. Dimension
details are shown in Fig. S34.

Characterization and measurement
A Keithley 6514 electrometer was used to measure the charge transfer
characteristic of the MO-TENG, which was displayed in a custom Lab-
VIEWVI application. A linearmotor (Linmot E1100) (Figs. S10, 11) and a
stepper motor-enabled swing platform (Fig. S16) were utilized to
simulate simple excitations to help evaluate the output performance
of the MO-TENG. A 3-DOF swing platformwas used to stimulate swing
excitation (Fig. S28). A wave tank (40 × 40 × 240 cm3) was designed to
simulate regular wave excitations (Fig. S29). A random wave tank was
used to simulate the random wave condition in a real ocean environ-
ment (Fig. S36).

The peak/instantaneous power and the RMS power values are
calculated through Ppeak=RMS = I

2
peak=RMS � R, where Ipeak and IRMS

represent the peak and RMS values of the harvester’s current output,
respectively. R is the optimal resistance of the harvester. The peak/
RMS power density values are calculated through

Ppeak=PRMS

Volume�Frequency, where
“Volume” specifies the dimensions of the energy harvester and “Fre-
quency” corresponds to the excitation state.

In the random wave tank and actual ocean test, a wireless voltage
sensing platform, along with other components, was sealed in the
buoy to monitor and transmit the real-time voltage values of the sto-
rage capacitor (Fig. 5n). The platform consisted of an Arduino Nano, a
voltage sensor, and a LoRa wireless communication module (SX1276).
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Data availability
The Source data generated in this study are provided in the Supple-
mentary Information. Any additional requests for information can be
directed to and will be fulfilled by the corresponding authors. Source
data are provided with this paper.
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