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Fig. 1. Structural design of RWEH: (a) Schematic diagram of the spring—mass response unit; (b)
Schematic diagram of the circumferential arrangement and numbering of the SO-TENG array; (c)
Photograph of the encapsulated RWEH prototype; (d) Schematic diagram of the SO-TENG unit
and (e) its power generation principle.
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Fig. 2. Finite element simulation of RWEH. (a) Simplified finite element model; (b) Typical
deformation states within one motion cycle; (c) Curves of the base Z-axis displacement excitation,

base tilt angle 6 and maximum structural displacement response.
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Fig. 3. Construction of the equivalent water-wave excitation platform: (a) Schematic diagram of

the regular water-wave model; (b) Schematic diagram of the four-bar slider reversing mechanism;

(c) Photograph of the mechanical excitation platform; (d) Variation curve of tanf of the simulated

platform and the sinusoidal fitting result.
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Fig. 4. Characterization of RWEH’s output performance. (a) Schematic diagram of testing
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under single-direction excitation.

3RWEH W EEEHE
3.1 HFEEEBERGT R TR



AR SIS 45 R B, RWEH  ZEARA S UBURSURD T Be % 7 A= e e (1) Fi i i
{H SO-TENG {E Ao & HL TG, B 1) 5 B e I FRLJATRT o P BELARR PR PR A1) T
HEL A H A R o GBI BRI IE R SO-TENG Fi fE B 25 oo i 61 8, 25 5
HH I BELATC 2K O AT FL A A R AN 70 2 S5 1) B, DT S5 M) 4 P B KA 25 A7 5 R
Kk, ASCHEETF SO-TENG Mi#iHRsEd it 7 REEE B, WE 5a) A,
ZHEE FEH SO-TENG. B s | (e for il A H A e B FRAB B2 il Horfh,
FERAGER F A 0, HT¥ SO-TENG FIAZ it i H A B E 55 IE(EK
TS HRe 25 - R, BEL R TG ZH A A 4l 20 LB AN e A8 CHAE B0 50 Mk, HTHIR
SRS L S () R AR 47 ) i R B 1 Tl s RE R R MR, R
BAIHEIHA R, AT EAAEE SO-TENG Hit I HAE.

a Wy IEERIELE L g

1l}—

Bl s g E R, (@) BIREHEBHORER: (b HTEEERNR b
() oy HLER AR N AR A 5
Fig. 5. Design of the power management circuit: (a) schematic diagram of the power management
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Fig. 6. Energy maximization principle of RWEH.
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Fig. 7. Simulation circuit of power management based on Multisim.
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Fig. 8. Multisim circuit simulation response test. (a) Peak detection of the rectified signal, and (b)
its partial enlarged view; (c) Variations of the source-drain voltage and gate voltage of the MOS
transistor, and (d) its partial enlarged view.
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Fig. 9. Design of power management circuit. (a) Schematic of the printed circuit board (PCB) and
(b) its physical image.
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Fig. 10. Peak detection and switching response test of the power management circuit: (a) Rectified
DC pulse voltage; (b) Rectified pulse voltage input and corresponding output voltage of the peak
detection circuit and (c) its enlarged view; (d) Switching response time.
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Fig. 11. Characterization of power-management performance. (a) Average output power before
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comparison of charging performance for different capacitors before and after power management.
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Fig. 12. Application prospect of RWEH arrays for wave energy harvesting and self-powered ocean

Internet of Things monitoring.
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Abstract
Wave energy as an important component of ocean energy is abundant, wide

distribution and environmental sustainability. However, its low-frequency, irregular and

multidirectional characteristics pose significant challenges to efficient energy capture
and electrical energy conversion. In recent years, triboelectric nanogenerator (TENG)
technology has demonstrated significant advantages in harvesting low-frequency
mechanical energy, yet the limited adaptability of conventional TENG configurations
to wave-induced motion severely restricts the energy conversion efficiency of wave
energy. To address this issue, a roly-poly water wave energy harvester (RWEH) based
on an origami-structured TENG 1is proposed in this work, together with a power

management circuit tailored to its output characteristics to improve the utilization

efficiency of the harvested water-wave energy. First, the overall structure of the RWEH

was designed by integrating an origami structure with a roly-poly self-righting
mechanism, and its motion response characteristics were subsequently investigated

through ANSYS simulations. An equivalent wave excitation platform was then

established to systematically characterize the output performance of the RWEH under
different excitation conditions. On this basis, a power management circuit compatible
with the output characteristics of the RWEH was developed, and its operating
mechanism and energy-maximization principle were analyzed. The effectiveness of the
proposed power management circuit was further verified through circuit simulation,
printed circuit board (PCB) fabrication and capacitor charging tests. The results
demonstrate that the proposed RWEH can maintain stable oscillatory motion under
wave excitation, enabling continuous and effective energy conversion and electrical
power generation, with a peak output power of 61.2 uW. Furthermore, the developed

power management circuit achieves an energy management efficiency of 79.1%.,

increases the capacitor charging rate by 2.5 times and the output energy by 3.3 times,

significantly improving the utilization efficiency of the electrical energy generated by

the RWEH. This work provides a feasible strategy for the efficient harvesting and
utilization of low-frequency random water-wave energy, offering promising technical
support for the continuous power supply of self-powered marine environmental
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Postdoctoral Fellowship Program of CPSF (GZC20250899), Jiangsu Funding Program for Excellent Postdoctoral
Talent (2025ZB830), the 333 Project of Jiangsu Province.
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monitoring systems and marine Internet of Things nodes.
Keywords: Wave energy harvesting; Triboelectric nanogenerator; Origami structure;
Roly-poly structure; Power management




  y ( t ) = A c o s (   2 𝜋 t  T )


  Ɵ = a r c t a n ( k )


  ƞ =     P  A − m a x ,       a f t e r    P  A − m a x ,       b e f o r e


    P  A − m a x ,       a f t e r


    P  A − m a x ,       b e f o r e

