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Abstract: To improve the energy conversion efficiency of a single-degree-of-freedom (SDOF) piezoelec-
tric energy harvester and broaden its operational direction, a novel three-degree-of-freedom (3-DOF)
piezoelectric energy harvester had been designed by integrating the piezoelectric energy conversion mecha-
nism, multi-degree-of-freedom piezoelectric harvesting principles, and force amplification structures. The

proposed harvester had consisted of orthogonally arranged cantilever-beam harvesters and a force-amplified
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compression-tension mode harvester. A simulation model had been established using MATLAB/Simulink
to analyze the effects of excitation and structural parameters on the system’s dynamic response. Based on
the simulation, a prototype had been fabricated and experimentally validated. The results had demonstrat-
ed that the harvester could effectively generate electrical energy along the X, Y, and Z directions, with
structural parameters (cantilever spacing, proof mass, and spring stiffness) significantly influencing its per-
formance. Experiments showed that the X and Y directions achieved an output power of 2. 924 mW at a
load resistance of 15 kQ, capable of illuminating 22 1LEDs, while the Z direction delivered 4. 871 mW at
40 kQ, powering 33 LEDs. The findings confirm the harvester’s stable energy output across different vi-
bration directions, demonstrating its feasibility for powering low-power wireless sensors. This study pro-
vides theoretical guidance for the design of novel multi-degree-of-freedom piezoelectric energy harvesters.

Key words: three degrees of freedom; vibration energy collection; force amplification structure; positive

piezoelectric effect; tension-compression mode
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Fig. 1 3-DOF piezoelectric energy harvester structure
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Fig.2 Schematic diagram of energy harvester movement in X, Y and Z direction
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Fig. 5 Simulation result diagram of force amplification ratio
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Tab.2 Simulation table of force-displacement relation-

ship with different cantilever beam spacing

25 mm [EIFEAR 35 mm B FER 45 mm [\ FER

AN Wi A% /mm SR E/mm dEfi A /mm
—24 —3.1402 —3.1435 —3.524
—21 —2.7477 —2.750 6 —3.0835
—18 —2.3551 —2.3576 —2.643
—15 —1.9626 —1.9647 —2.2025
—12 —1.5701 —1.5718 —1.762
—9 —1.1776 —1.1788 —1.3215
—6 —0.78504 —0.78588 —0.88101
—3 —0.39252 —0.392 94 —0.44051

0 0 0 0

3 0.392 62 0.393 02 0.441 37
6 0.78525 0.786 03 0.882 75
9 1.1779 1.1791 1.3241
12 1.570 5 1.5721 1.7655
15 1.9631 1.9651 2.206 9
18 2.3557 2.3581 2.648 2
21 2.7484 2.7511 3.089 6
24 3.141 3.1441 3.531
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Fig. 6 Lumped parameter model in X and Y directions

XF 2 (5) AT #3453 — X AT B R R
HAFRER A B S 8 s

M,i + Cii+ Ko, —F,=—M, 5. (6)

4 LT BE 4 2 B Z 07 1) Y IR 9O PR 3h
I, PR R R SR A [ o . BT B A
JAE 22 [] 4% 7 A AR B Bl A 2 FL {7 BE A AT
DR Ak B — A B H R Y JoT i B - SR A AL,
&7 Fr s .
Cydy+ Kyay + g(as)— Fpo=—M; (& + 33,

(7)

Horh o Fyy o PZT & H B Ry B 38 7 A i ) AR
M.

F7 707 4 82 B

Fig.7 Z-direction lumped parameter model

it b AR AT AR B AT LS B B AR
HL {7 RE 2% (19 42 M S a3 7
M@y + Cody+ Kyas + g(ay)— Fy=—M, jis.
(8)
WA 5 7R B R H I A AT DA i R AR
Pty 2 7 R
0,7=C,U+ U/R, (9)



2904 err K TR

33 %

Hovr e 0, o FE A BE 25 19 e B b4 B L RS & &R
B U KN R B RE & i AME R B B 208 R 5 C,
Ay JE HEL 1 A 7 19 55 84 BELJE 5 R Ok T WL 7 BB 28 14 41
Fe B
XA (9) AT R B, 153 .
U/R+C,U—0,i=0. (10)
RE % 15 3] 1Y He W A7 e A4 19 AL RS 5 3 ) 27
BEARIGNT
M, i + Cd,+ F(a,)— 0,U,=—M, 3,
U/R,+C,U,—0,3,=0
M, i, 4 Cody+ F(2))— 0,,U,=—M, 3,
U/R,+ Cn,U,— 0,,3,=0
M;is+ Coids + by + g(25)— 0,,Us = — M 3,
UyR + CplUs— 0,33, =0

(11)
Horb:w, o e sOR OB JC B JE 8 A 40 % 1A
XN w,=(K,/M )"0, 8 ZGEHHILBR#G R
B g (ay) oy ottt e el BRASE BB IR 7 AR g il
K(xs—d), x;=d

gla)=1. < d

3.3 fAESH

P A PR TR AL . % B R R 5S4
I 22 S 06 5 9 v B 45 A S B0 TR . Rk B X
(11) , #] F§ MATLAB/Simulink % 4 ff 2 % 1
ODE45 bR %, % Jir # 8 i B A AT B 5
KA 5 BT B AT 25 R X e A B — B R s A
BT T

N2 R (R BE o 1 8 O 35 mm, AR Uit T A
P i i 85 go &5 A PR AR 2C K LR B A 1Y
Jo S, A it o B B R Ry 704. 3 g B AR B TR
8 R, M 15 kQ, 438 X, Y J7 1) 4% 3h 38k il 2 %
JE L7 AR A5 S R PERR OS2 A, T XL Y O 1) ) B
SR ¥ HUROR X5 m i AR . o E R
R B AR 45 5 11, 4 Haz, SR IR AE 3 I 0. 35 g,
0.45 g F1°0. 55 g, /A [ml] 384 Jalh 1R A6 BsF A9 i 11 P R R
Ty i EL5 R & 8 (a) Al (b) TR o 38 ik X 25 4l
(9 53 BT AT R, 25 800 R fE A 0. 35 g 35 mF] 0. 55 ¢
I, £ B8 % (10 i H R A o T % 1 2 B Bl 3
Jily e (L 38 AT B R A R B R L 3. 54 V
PETEZ 6.81 V, Kt N 0.87 mW I K &
3.08 mW .,

unv

(a) AN [FT BRI B e E 1]
(a) Voltage diagrams of different
excitation amplitudes

(b) A~ FIEUTE [E2h =

excitation amplitudes

uv

(b) Power diagram of different (c) Voltage diagram of different

8 10

(ORNER T ESNERE] (OFNEIE (LT ESHESE]
(d) Power diagram of different

excitation frequencies excitation frequencies

B8 A IA) il S e e

Fig. 8 Simulation diagram of cantilever beam with different excitation parameters

N T 53 AT AN TR R X = i A
RE# X, Y J7 [ i t0 RS 00 52 ) o DD R (B 18
30,45 g, IF 43 R 10.4 Hz, 11.4 Hz f1 12. 4
Hz A 30 A5 32, I 2 1 17 BB 45 75 A [] 380l At
T B B R R A 2 I 45 SR K 8 ()
FCA) B . H A 25 50T A B8 45 Xob 38 il A %%
HA BRI BB o B R TR A 1Y R 1 g
o B R R Ty R B RS S Y R s
e, 17 BE &% 52 B 5 [ A M3 A DR 1 9% 2
WA IR, BE AT fe R A i B

F A 2 HL 7 R A A PR A B A
o H A 3k K R 2 il il 2] BR A B, R A7 BE 7
AAEZME T . B 9 PR, AR SR R T R
HL {7 BE 25 1000 170 B 1 Hl R A0 i s T 6 Y 38l e
H R 0.6 g, HL {7 BB 45 7 10. 59 Hz XJ N 19 U6
L R AT TN R 43 ) o 14,16 V 1 5.3 mW, 15 i
Jity e L B K 0. 8 g B, FL A7 B #% #F 10. 07 Hz
XoF INE (8 U AV H, N B 3 43 531 Ry 18,57 VR 8. 62
mW . LR R 6 (1 A5 Ak #orp 45 1) L R A
Ty 3R 32 B0 M T 8 % A SR AR



5 15 TR 45 T IO R = 1 g E P R B8 9 B R 56 B B 2905
15 5
10 —06¢g —d=35 mm
5 —07¢g 8 4
> O —O.Sg. 6 33
53 e
-10 4 X2
-15
220 2 1
-25 0 0
10 15 20 25 10 15 20 25 10 12 14 16 10 12 14 16
JHz JHz fiHz fHz

(2) AN TR EURhIE 8 e 1] (OFNGERL R ESE
(a) Voltage diagram of different (b) Power diagram of different
excitation amplitude excitation amplitudes

PO A [l i il ek {1 4o T A A7 R s 477 L1
Fig.9 Simulation diagram of energy harvester with differ-
ent excitation amplitude in tension and compres-

sion mode

3 BT Dl A R ) 5 e R I DRl e 1 1
F0.7 g, 343 Wk 11 Hz, 12 Hz #1113 Hz AE R
R A = D BT R BE A LR S [ R AR T Y
g L0y PR R A D L 0 A g R A 1A 10 TR
ATLR I Z D7 I 5 L5 5 5 X, Y J7 1l i A
FHTA] o

unv
=

0 2 4
t/s

() 7N [RIAUh 31 25 L T [

(b) AN [RIERn AT o 2
(a) Voltage diagram of different (b) Power diagram of different

excitation frequencies excitation frequencies

10 7 [ a4 4 o T A XA e i 0 L &
Fig. 10 Simulation diagram of energy harvester with dif-
ferent excitation frequencies in tension and com-

pression mode

F2F ok 4 BT e L1 AR 45 45 4 2 50000 52 e B
o HRMSMERERSHW W, RSN
15 kQ, 38 il i (435 B R 0. 45 g, A St Jo it Bk ) ot
15 M 85 g B REIEE I B N 35 mm, 51 mm A
67 mm , 43 M7 = 18] 5 X7 BE A 1k R A B
M, A7 ELA5 A& 11 Bz o Al LA & B[R] B K
FR G0 1 LR A 3 R A P AR R

Jo e He T X BE A LA R 5
Wi, B 451 4509 PR 1 B A 7~25 Hz, I B R
40 KQ, 38 il e (8 3% B R 0.7 g, 36 FH 3 3% R Ry

(@) AN[F] 18] B AL
(a) Voltage diagram with
different spacing
B 11 A [ 2 % ] HE 7 194 I 32 2 2 1% i 4 1 L 1]

Fig. 11 Simulation diagram of energy harvester with or-

(b) I IR %
(b) Power diagram with
different spacing

thogonal cantilever beams with different cantile-

ver beam spacing

45 mm K E 9 mm W AMEFT 0. 8 mm Ay 4% .
B FH = A 5 4 0 J2 60 g, 85 g Ml 105 g AY it
B i BEE R AanE 12(a) (b) s, WIE sl L&
PR, 24 TR 60 g B, TR L AT B 28 8 4R 45
R 11,47 Hz, %A 06 (B H R R 2 36 43 Jil)
6,44 VM 2.07 mW; 24 i B & ol 85 g
B, He FL {7 BB 2% 18 JR 450 2% 43R 10. 34 Hz, X0 1Y
W R R RN T R 4 51 A 17,27 V I 7.32 mW 5
T 5t H B R 1 0 2 105 g B 355 4R AR O M
/NF] 9. 88 Hz, Xf N HY W B F i A1 2l 843 51 o
24.10 V F114.66 mW . Hi b n] DA B 2 85
T A 5T AR KRR BE I R R R T RE AR A
PERE

3 AT 5 B ) R X P L {7 B AR i R R R Y 5
Wi H BE R 40 kO, K R (X E R 0.7 g,
J R He ) i R 85 g K N 45 mm AR
9 mm Y5 H 2508 0.7 mm, 0. 8 mm
0.9 mm. M 12(c) I (d) KT LLorFr 45 3],
LR N 0.7 mm i, JEHLfERERE AT LLAE 9.5
Hz B 404 31 V (% % 1 R F 25 mW i) i i )
Y PEELLRIEINE 0. 8 mm W, JE HL {7 E 25 10
IR R A 2] 10. 3 Hz, X 7 A4 i e s
HIhER g 17.08 V FI7.32 mW ., 24 5% 28 1% 1
JEN 0.9 mm B, i HL 7 BB 25 04 38 4 A5 2 54 i 21
11. 38 Hz, XF 07 ) i 4 L A HE TRl 13,6 V
461 mW., [, % B4 38 9 35 W 1R
I,

53 AT HL A7 B 4 A2 B I 3006 B AR 2 £ 3R
H, BEL X P FEL 7 BB #1952 0, 1500 X, Y T 38l
B4 0.45 g, WA AR 47 7E 11. 4 Hzs 8 Z 05



2906 i MWE TR %33 %
20 16 105 ¢ LU ££1£0.7 mm ;i g ££4£0.7 mm
10 85¢ 15 #41%0.8 mm #41%0.8 mm

12 60 g #1£0.9 mm 20 £1£0.9 mm
=z =z

30 Es g D

< 3 N
-10 4 15 8
220 -30 4
0
0 5 10 15 20 25 00 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
fHz fIHz fHz fIHz
(a) 7 [ B i (b) IR R (o) T RILkAZ i FE A (d) RIFALRENRE
(a) Voltage diagram of different ~ (b) Power diagram of different (c) Voltage diagram of different (d) Power diagram of different
mass mass wire diameters wire diameters

Fl12 A [a] i B i fa 0 A (] 9 2 A i T A X7 E 48 07 20

Fig. 12 Simulation diagram of energy harvester with different mass and different spring wire diameter in tension and com~-

pression mod

] SR R A R 0. 7 g, BN R AR 54 12 Hz,
13 IR T M HL 7 fig 25 A0 42 A W] BEL Bt /i B 1 17 2
g, MBI i3 5], 16.5 kQ W7 RE RS £ %2
2 X, Z J5 10 il B (9 DEECRH AT L 31. 2 kQ R {7 fig
fiE 32 3 Z J7 10 Sl B D8 TE BELE

B e e s o2 6| S R 7
71 3.0 16 . s
6 . ps, 4 f 0 =
55, 208 51200 5E
47 e 155 lg 4 S

i 1.0 6
1 ] 3
2 0.5 4
10000 20 000 30 000 40 000 20000 40 000 60 000 80 000
RQ RQ
(a) X, Y771 (b) Z751A
(a) XY direction (b) Z direction

€13 BHATICC 0 2 4]

Fig. 13 Impedance matching simulation diagram

4 F£i5E
4.1 LWL

R T B R HL R RE A AR K A — T h
TEANBETT A9 T HL 17 BE 25 45 48 RS 500 T s 56 B
Blo FEMLI B S B ER 3w, TR PZT
W SE 1 RS Al 28 T 2R T, B LAk PZT 1
Ir SRR e 22 0 o AR R 2R P A1 RS
T8 09 e FL {7 BE 8 000 G 8] 14 B R o

ZE R & EE AR RE &
(SVC-2000VA) (& 3h &5 (LT-50-ST) 4k 3h &5
= H &% (VT-9008) . ) % I K &% (VSA-
L1000A) | Hi BH 48 DL S 7 I 4% (DSOX3024T ) 4
2, QB 15 iR o BRI SR U S FE AL R

EECHIE IR Y N I 7RSI N S o o
HEL BELAS A1 Bt R RSO 4 O ) SRR 2
PERRE i i

#3 IWEMHHSHE

Tab.3 Parameter list of experimental structural materials

2551 S5 BE
1kt Bl 4
£ L/mm 58
i B w,/mm 20
JZBEE h/mm 0.6
R PZT-5H
K LP]/mm 20
e w,/mm 20
PZT(FIFIE JEEE b, /mm 0.2
LEE R o g
SR /GPa 60
JEHLFH/ (Com ™) —6.6
M EH/ (nFem ) 29.8
g PZT-5H
KEEL,/mm 40
i w,/mm 20
PZT ($i F A JEE b /mm 5
2 E L A T
) I/ (kgem ) 7 600
SR R/ GPa 58
FEHLHE/(Com %) —6.5

A H L/ (nFem ™)




TR, 45 RS = A ol T R A7 AR A8 A BT R SR AT 5 2907

HURBGUR L PAER WO
K14 SEH gl

Fig. 14 Experimental structure diagram

= el
{5 Yeibfis

frRahziilas
’ KhEHIES aui |

= == <=
) ONERE) prem FarEkii
i FLAE

K15 SgFana

Fig. 15 Introduction of experimental platform
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Fig. 16 Experimental diagram of energy harvester of orthogonal cantilever beam with different excitation parameters
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and energy harvesters in orthogonal cantilever beams with different cantilever beam spacing
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different mass blocks
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Tab.4 Output performance of other multi-degree-of-free-

dom energy harvesters
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