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Abstract: With the rapid development of the Internet of Things, the power supply problem for vast numbers of low-
power micro/nano devices, such as wireless sensor nodes, has become increasingly prominent. Conventional battery-based
power supply faces challenges including frequent replacement, high maintenance costs, and serious environmental pollu-
tion, making self-powered technologies a current research hotspot. Piezoelectric vibration energy harvesters exhibit great po-
tential in solving the self-powering issue of low-power devices owing to their high energy density, simple structure, and
ease of integration. Inspired by the strong stability regulation capability demonstrated by the hummingbird hawk-moth dur-
ing hovering flight, this paper proposes a bio-inspired passive omnidirectional adaptive piezoelectric vibration energy har-
vester. The harvester consists of a rotating component formed by a deep groove ball bearing and a piezoelectric cantilever
beam installed at the center of the rotating component. The up-and-down bending vibration of the cantilever beam mimics
the flapping of the hummingbird hawk-moth’s wings, while the adaptive rotational motion of the cantilever beam mimics

the moth’s adaptive hovering rotation around its center of mass, thereby achieving omnidirectional adaptive adjustment and
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stability regulation and significantly enhancing adaptability to environmental vibrations from different directions. Based on
the energy method, a distributed-parameter electromechanically coupled nonlinear dynamic model is established, deeply re-
vealing the coupling behavior between the bending vibration mode and the rotational motion. Through a combination of nu-
merical simulation and experimental testing, the adaptive orientation adjustment characteristics, stability mechanism, and
dynamic response of the harvester under different initial rotational angles ranging from 0° to 360° are systematically investi-
gated. The results demonstrate that the proposed bio-inspired omnidirectional adaptive piezoelectric vibration energy har-
vester can, under external excitation in any direction, passively and adaptively rotate such that the piezoelectric cantilever
beam ultimately stabilizes at a position aligned with the excitation direction while maintaining large-amplitude bending vi-
bration output. Compared with traditional fixed or array-type multidirectional piezoelectric energy harvesters, the proposed
harvester requires neither multiple cantilever beam combinations nor complex irregular structures; it achieves efficient omni-
directional energy harvesting from 0° to 360° using only a single piezoelectric cantilever beam, featuring a compact struc-
ture, high space utilization, and strong reliability. Experimental results show that under different initial included angles, the
stabilized output voltage of the harvester reaches approximately 29 V, the output power stabilizes at around 830 wW, and
the average power density is as high as 29 340 wW/cm’. When the external excitation direction is perpendicular to the initial
direction of the cantilever beam, traditional linear piezoelectric energy harvesters essentially fail, whereas the proposed har-
vester can still recover to its optimal working state through adaptive adjustment. The proposed bio-inspired omnidirectional
adaptive piezoelectric vibration energy harvester provides important theoretical and technical references for improving the
conversion efficiency of piezoelectric vibration energy harvesters and solving the self-powering problem of low-power mi-
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T A 3 Y A5 45 ) RATRE T, BVEEAE S ERS5E +40
MO0 T, W RE RS AR AT A T 1) b AR R B2 B RAT 5
Ao W1 (a) FroR e 5 1 AR AT I B 5 A
&R TR B R AE 95 78 b R AR Y [ I, 2 Bl B
PR B RS AT & B 5% 3 . Han 55 A1 Na-
kata 5 A0 7R T 04 5 1 i RAT H 4 REBR 2 80R
R 23 s 1A B, an B 1 (h) FIEL 1 (e) B, Horh
FAIRUS o 96 B 105 SRR % T AR B A A A
AR i e e L AL SR M . AT AR,
LSRR 1 SR N W SN O [ B0 b i) e SN T STARE €
B HE S IR 3, B 5 S AR 3 R U 22
i Z ARG T 1o LA , #e 5 T8 0k 2% B 5 B PR i Ak
R AN TR 37 B P 365 L ) e 2l 3 e i 5% i TR AR 0 A 1
iR 5 77 A ) e B BEL - S0 S8 sl Cln i X0) 51 )
AT, TR RE E 1Y B A AT

MY 7
(b) EEHBH

(b) Kinematic parameters

90

45 | 0
= : &
s o s g
" : F
& v &
-45 P o ammat ~10 M
= i s Nt =
A7 AT
-90 1 1 1
0 0.25 0.50 0.75 1.00
I [6] #/s

(o) SHBEARIRL AR PO A 3350 SR 3 0 A R B A fth £
(¢) Variation curves of pitch angle, sweep angle, and rolling moment

coefficient during wing flapping

P e B AT AL

Figure 1 Flight mechanism of the hummingbird hawk-moth
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Figure 2 Schematic diagram of the bio-inspired omnidirectional self-adaptive piezoelectric vibration generator
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Figure 3 Schematic diagram of the working principle of the bio-inspired omnidirectional self-adaptive piezoelectric vibration generator
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Figure 4 Force analysis diagram of the self-adaptive directional adjustment process of the piezoelectric vibration generator
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Table 1  Comparison of structural parameters between the traditional linear and the omnidirectional self-adaptive piezoelectric vibration generators
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Figure 8  Structure of the traditional linear piezoelectric vibration generator
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Figure 9 Voltage response and maximum voltage of the self-adaptive generator under different initial angles, and performance comparison with the

traditional linear piezoelectric vibration generator
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Table 2 Targeted comparison of the omnidirectional self-adaptive piezoelectric vibration generator with an L-shaped
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Xof b 4k E A h) [ 38 N HE L R B0 & L %77 45 AL RE R AR LIE 45 H 04k 3h B R AR 2
DHLEE | RG-S I 4 2 R A 4 i) [ 38 1R SRR iR IR | LIS A - 2SS
05 1] 38 i I . L | T AREERT LA R RO SR | 55 ARSEA M SRS A R 2 ATy ) R
i 8, [ ST RSy 1 S50 1 — 3K ——— S e
BRI N 286V 13.6 V —

R/ | 830 wW (R i th T %) V-3 TR %

e |29 340 pW/em® 1.233 mW (W20 %) P 1.790 WW INFHE 0.691 W /em?
TAEMUREHE | 254 (R85 17.1 Hz) SERB I, R IR A G (20~200 Hz P HAT ZANIE(H)
SEMSEARIE | TR, R R R ik SOk R e WG Rt IR LIEE G5 AR Tk
o JCUFA ) FAE I A5 AL T LB i | ) T MO A P B R L 5 A A X | S e R, e [ I AR S A0 A iR )
TS " "
FUE CijET (52
FERIR | TAES A X7 D5 1) 4 A7 P AR R 52 2 Bl JEJ5 1) FE N RE T Hi A2 S0 5 s R
R3 SHHRRE KOAT 4R T A CPERE SR ) | BB N R OR S 80
Table 3 Nominal values of the parameters S £ 3 H o L PR RE AR ) . R 2R K 1 2 o
2% B 7R, 3R W12 2 06 A M BE A A 114 5 el 8 I 2
A LAX 107N P FEL 1L T, 2 [l 2 0 5 L BL O 4 1
RARLE €, AN sl D 0 5 0 T 7 1 225 52 . BLBRIELJE C, i
U 7 2.65 mm
ARG T M, 3.775¢ HUBRBAE
TRIRAALSE 4, 4.88 m/s’ j; \
AR 17.1 Hz , T sl N ‘
WAREE Ul e
AY/Y R S
So= Aoy (22)

X, S, AH—ALBUR R R, p A SR, Ap ASHUEA
i, YRR AR  AY o AR bR AR R
BT J&s 1 2 BB 3 1 34 3 I 8] il 2% 2 508

— AL AU R BT A T 12 00k & LA R R {0
{E B 4% 2 B0 — LU R B k1 . P U R B
22— A b B, R B S RN BAT A S X T A -

SLISL I IR 0L 2 2 BOR AT 67 T i LU FE R SO S R

(kR4 F) , 1E {EJWJ R S B K 23 9T K 9 B[] Figure 11 Normalized sensitivity coefficients of various parameters on
(M ﬁE IS%{E& ) H PON R i—FHAE HHL R 1R {E , 1k {E i“:{% %% %ﬁ[ it the self-adaptive adjustment time



% 6 TR T AE ¢ 2 06 5 T MRS R ) 7 £ A 1 LS LR B A HUBLBE 2719
Bk AE 6 384 B 22 1 3l 5 2, DT A 208 T r ALY

LSy

R S

Wy g

EXT OV
12 il R AR (A A 25 2 80A — AU R %

Figure 12 Normalized sensitivity coefficients of various parameters on

the output voltage amplitude
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Figure 13 Dynamic response characteristics of the self-adaptive generator under different acceleration amplitudes
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Figure 15 Dynamic response characteristics of the self-adaptive generator under different rotational damping coefficients
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Figure 16  Dynamic response characteristics of the self-adaptive generator under different friction torques
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Figure 17 Dynamic response characteristics of the self-adaptive generator under different tip masses
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Figure 18  Dynamic response characteristics of the self-adaptive generator under different eccentricities
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