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Abstract

A7 x 7 two-dimensional square-lattice phononic crystal (PnC) piezoelectric energy harvesting (PEH)
system with a petal-shaped hole structure was designed. A point defect was created by removing
the hole in the central unit cell, where a disc-shaped piezoelectric patch was affixed to localize and
harvest elastic wave energy. The six localized modes generated at the point defect were analyzed.
The mechanical and electrical output performance of the system was then examined, followed by
an investigation into the impact of the patch’s diameter and thickness on power output. The results
show that with a patch diameter of 10 mm and thickness of 2.3 mm, the system achieves a maximum
output voltage of 45.727 V and a maximum power of 17.891 mW, corresponding to an electrome-
chanical conversion efficiency of 16.84%. By optimizing the match between the piezoelectric patch
and the defect mode, this work significantly enhances energy conversion efficiency and offers a new
design approach for high-performance PEH systems.
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WEAE PRI (10T) JoZe At B M 25 A L T LA R GE(MEMS) P & g, IRDIFE L 1 14 1) B (L RE 75
SRHFREYI[1][2]. He RS AR DR AT B HRK R85 LR BE 3% A 9 BB [3], R pReax — 1] L 1)
BB — o EHARTA SRS 4], M55 DR E0E N 58 5] [6]5505, fEACmisHi
BRERE . W F RIS EANREST B S SUSR I IS S1[71-(9]. SR1M, 180 g e
5 B 2 SR T IR SSAIR B 5005 1) A AL B 8 P8 AR 5 I R, ¥ DA 2 S o I8 FH ke s AR s L BB IR 75 3K
BT T AR B AR s R R ISR AR I AR A 1 R kR . AR O L 3 B 2 TR
BEME[10] BRIRRLOBI[ 1]y REHLHZRAM[12] [13]s SERBERUN[14]. BT mmAEEE[15] [16]. LAk
[17] (181 A S BRFAS L[ 19]-[22]55 . X AL i) 3 b 1 1 etk Ok sl s 30k (RO A 4 ek, SO T 76 1R L BB 22
WO B BT R B ) S R 5, T SRR i T R E R R, O BRI R TR R T —
FhEE AR TT 5

P ERARE N — BN T A0 RS4RI e ik U 4 00 o R e AR PR R AR R (23] [24] @
B NEEAS AT SEIL AR B R AL 19]-[22], S5& R ARS8, mT R E 5T e IR AR 7]
[25]. JL4ER, W E ML T a0 B MR 2 L BRFE Bt I AR B8, BB R T T RS
PERE. 2019 4, Park S5 NBEUE T —Fh =4k )\ MBS TR, SETERRAEL, )\ A SEHA T 50
RS S E N A AL, B AR R E R, AT 159 mW BRI, SEAUELL,
i ThEAR T 20 5L E[26]. 2020 4, Lee 5 NIBIEARAKE B B9 LT RIADRRE I, BREDKE S H T 2
M 1.59mW JHUKZ 2.7 mW [27]. 2022 4, Zhang % N 5| NS BT FEGTHI A T AR RN, FEREFE T =Fh
g} PHBRRE  E USSR RE F1[14]. Jo 8 NGB L IR =8B, #0581 AEEUCEERI 98, e 4l 1 3.92
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mW FR%iH % [28]. 2024 4F, Zhang % ASEHH T A BELRBRIAME S, S5 GH) MRIEFIZBREAAAEL,
HIIE S AISE R T 31.88 £ Al 2.51 £%[29]: I HBF T 1 A58 LB R0 sk ik e B Jo 3R e 4R P e
(REEI,  SRAT 5 K5 H D% 12.78 mW [30].

BT R 2 BET AN UL s BRI BT, 6 K AR LT 250 5 A & Rk B 1R 4 A LR
MERBEIA ST, Foh, DA AR F B RGNS %, S0P B B iR . 4
Sof b [, A Sk B T BR e 7 v ) COMSOL Multiphysics 6.2 1 Bt ST, $2H T
—Fp T AU R AR IR FLI 450 — 4 7S T iR S e R IE RS, Bk, RAAMRIGTIETHE T 1%
YT N, HAFERTEWER: A5, HE 70 EA SEEr 7 < 7 I 4, 1E5E
FFE T AR B L T SRIEES BBt 4, IR R NFRER AR, A AR RO e R (R
B, ARV T A ELARRT R R R R R DR R, R T KA H T S 1 B R
B, IR T RARINIEREERE AR . K TIEBSREMWRI T SUERAS RS TS50
FIfRAL, Nk R R AR R G it T BB HE SRR R AZ

2. EEAEIS
H AR e S E DL R S 77 A -
S=s*T+d"-E 1))
D=d-T+& -E )

Hr S NARFEG x 1), T ANSHEGx1), ENBGEREREG < 1), D AHEMBRESG 1),
s©ONTEE HL) R I BRVE SRR (6 x 6), d AR RIS T B REQ3 < 6), d' R d FEREME EHEFEG6 % 3),
e RIEE NS T A U B FEQS * 3)o AN ALEE — TR S P AR NAR s 35 IR R A L)
AN, BRI R HALN . S(2) A AR — TR RN = AR A A RS i, BB R FUSON ;s B8 IROR
A LI 7 A ) R RS R

ASCEFEE AR PZT-5H, HARSCHIAERAE M c BB 1 fion, B COMSOL N B M RHE T i .
iR A TN A, B T VR T 170N 2 i, b RPN S A s B AR B R [ B . 24 AR
N o FIBVERZE i, AT, DU R fial . R R A KA D)2

Table 1. Parameter characteristics of PZT-5H
% 1. PZT-5H BB H4FE

s 16.50 (10712 m2/N)
s —4.78 (10712 m¥N)
s -8.45 (10712 m¥N)
P2 R HL
st 20.70 (10712 m2/N)
sy, 43.50 (10712 m¥N)
st 42.60 (10712 m¥/N)
ds, =274 pm/V
e FRL A R dy; 593 pm/V
dys 741 pm/V
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ey —6.62 C/m?

R HLRL 7 2 e 23.30 C/m?

€5 17.03 C/m?

L - & 27.71 nF/m
JE5E RN I

&l 30.10 nF/m

AN FGE R, BRI EBZERE, BE=0, N
S=s"-T
D=d-T
PRI I R ST 2, ARSI JJ A O R . IE R HONIARAE, B A iR ki, RIFEH
PR A A, s ]I AN R RS, TE B R IR, L R
I, =o(dy (T, +T,,)+dy,T,,) 4 3)

K A NERAE YR, T, T, T, 3890 x y, z 7R KIER 7.
A AR KOTERR, W2 &K D=0, N:
S=s5-T+d" - E
D=d-T+& -E=0
LR ERE N, WIFHEEERN:

1
V. =Esf=——(d31(T1+Tz)+d33T3)f 4)

oc T

&3

HHME ROV S OUN, e i AENURERD & AT LR RON — N RIS — MR C, = 83;‘4

1 . .
K, TR . HTEEH R = c m, FEREAEGILE, JRER, SAFHIIEN:
P
— 2
oC V. wAld, (T, +T,)+d;;T,;) t
<P>max — 2 oc _ ( 31( 1 4 TZ) 33 3) (5)
833

BRG). (4)s (S)TTLAT I, T HH At SR T S L B T P R ¢ o Y AR
TR A R A0 (RED RS A 56 e | WL dyy <0, dyy > 0, BBEA (dy, (T, + T, ) + T )
BRI, T8 2 F7RIIER S x, y 7 IIER AR, BV b o FE A2 0 LK 4
B, SRR BRI A7 I S R

3. BTERERWRIRIESEN

TATBAT T —FhERH 4 7 s AR AR, R R A EIRIRILIF SR, W 1) fR.
HIRM B a=40 mm. FEEE h=2mm, b=10mm, EIWIMUTEE c=8mm. FLHIFEZRE N 2,700
kg/m®, MR EN 70 GPa, JHFALLN 0.33, J1#H 3160 m/s.

AR ICHHT #avER S H 5 FEA Floquet-Bloch EHE, 53| 7 HMULE 50.0~57.0 kHz AR EH M
RS H R, & 1(b) s, A i X 2 4 B (51.01~56.13 kHz), 7EIZA BRI N, A6k i
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P A A B S8 () AT WA R S 2 AR [31] [32] S5 3LAb AL e S Ma(An A FLIYRTEG , ZEETE
BAT R MM A7 BR 585 [33], A AT ARk,
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Figure 1. (a) Stereoscopic diagram of the unit cell; (b) Band structure of the unit cell

1. (a) BBEIKE; (b) RAERVRETS LN

W 2)FR, WigE 7 <7 NSRRI, 5 4175 4 5 RS A e IERFLIF, AT CUE1E
SRR . TE S EREE HC R NGB PZT-SH W& KB, HAtR R, XEREEFRIEd=8 mm, &
JEHUE ¢ =2 mmo.

b
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2
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Figure 2. (a) Point defect supercell; (b) Band structure of the point defect supercell
B 2. (a) REAPEERAE; (b) mERPREBREAYRETSH

JEHL T RS OU R, Te R HAKORE, R ) SN ANSZ R o WG T AT AR R SRR B ) e
gh, Wl 20)Fm . L 1(b)FIE] 2(b) Rl BUE H 5 RUBR e 5 56 36 75 1 Sm A4 1) e i 4 4 v B — B
BAESE A RN AFAE S 2 PR e it 28, o XS R S v %, RSN RS = R SE s R FR AL
FRABRIAZS, X2 B IE -5 BB A TR 45 5 (34

B 2(0) R THEFS A BRINTE AL T 6 25ShBEay, 0 MG FE A 5128 AL By C. Dy E. F A
A, XFRARER BN 51911, 51.923. 52.299. 52.732. 54.282 F1 54318 kHZ. 4 3 HoR 17X /ANNEFEZS
Xof L FRHIR AR TR xy T TH Y AR
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Figure 3. Defect mode shapes under the external electrical resistance of 0 Q: (a) 51.911 kHz (A); (b)
51.923 kHz (B); (c) 52.299 kHz (C); (d) 52.732 kHz (D); (e) 54.282 kHz (E); and (f) 54.318 kHz (F)
3. FESMEREEFE Y 0 Q BTRUERFRZSIEIN: (a) 51.911kHz (A); (b)51.923 kHz (B); (c)52.299 kHz
(C); (d)52.732kHz (D); (e) 54.282 kHz (E); (f) 54.318 kHz (F)

ALVES], A, BHA, E. FAESLZMIFN, A B Dy Ev F AMBESERBAAEZELRA T YN
A, HOR N AN AN e RS C AR LT AR AR T BRI 2z D7 AR, XA 20 e
PAAE BRI IS RN o JE SERA TR R TR C #EATIT IR

4. R ReE EiT R RE
4.1. REGHHR

BT BT RARRE R RERIERGWE 4 Fn. ERIE x J5 PRI IR % & 56 36 ILAL 2
(PMLs)E WSO B %A A y 75 1) b 15 B R A S (PBCs) PRAE TG PRI, 58 & DU HC 2 A 0
FEAAF I IE BRSO RoR o TR 540 L 2 [ B: AC-DC A8 a8y, TAER 8K 1IE 538 L AS
SEONE IR RS 535, MM AL 100 mm AL, z J7AINEE 20 nm 1E E IR0 A BRSO R
ff) AO Lamb 3, Wik 4 P45 iR, A0 Lamb 34 R T 50U H R AR A 1) i e DL A 5o 1 1 H
BUNL. T WS AT, BEARGE M ARRE R TR BN 0.0001 . 8 i 45 44 () IR A% B G p DU TR ZE R, oA
B3 H 7S TH AR ZE RS- Tol S5 R 7 B 224 Mt 45 4 e K I A RS /N T-45 TR A0 Lamb A H-B 4y 22—,
B AL, R 500 45 5 —3[34] [36]. BRIk, ASHIF 706 M 45 0 S K S RT o B ARBRBE AT SRR A0
Lamb KM +532—, A& LA 2 BB BT 78 1A B
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Figure 4. PnC-based PEH system with excitation source and PMLs
& 4. £T PnC 89 PEH 2%, SEHRMIEMTELER
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4.2. ARG ERE

TEAMEBEFE 0 Q A1 100 MQ IEIL R, W T RKRGMHME RS, 1K 5 B/RT 51.0~54.0 kHz i [
PN RIS N S B rpot F LR z 7 T OB B A ek . AL S T AR, S54RI 20 nm G
WARLE, AR 0 Q B, 7E 52.290 kHz &b, & AHRIE Y 280.86 nm; 44N HIFH Y 100 MQ B, 7
52.340 kHz &b, HRIRIEA 298.41 nmo IXWIUESE [ Frvh iR 1 @ A4 7E s R B AL ) SR8 e 2 R 384
L 8 RN S B W AE AT AT AR o BRI, LR D) SR AN 52 TR LRSS, 6 B AR AE AT 5 L, [
AR TESF BRI, TR RSN AR, AT R AR RN BERG N, AT A AAE AR T
fE, DRI B AR A W vy T L A AR

|—o0Q
100 MQ
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Figure 5. Mechanical displacement frequency response curves at the system
defect with external resistances of 0 Q and 100 MQ

[l 5. SMERERFE 0 Q 1 100 MQ B, ZRZEHRFALAIHIRAI RS ST Hh 2k

4.3. RGHRHIHMERE

6 AAMTHBE 100 MQ B}, % R 48 r 40 A 1 26(51.0 kHz~54.0 kHz), RILAEH, 1E 52.34
kHz 4b, B RIS, oK R A 2033 Ve 8 7 SR 1B A SR IR SE R AE xy P
WIEERS, FRATER], M N S fE i B 45 1 2 5 LI B AR 3G, o R R &)= 1
BRATEGR AR LA E

- — o
(=7 W (=}

Output Voltage (V)

OE 1 L 1 1 1
51.0 515 520 525 530 535 540

Frequency (kHz)

Figure 6. Frequency response curve of the system’s output voltage at an
external resistance of 100 MQ

& 6. SMEREEFE 100 MQ B, ZRZR0H S B ESTiMg p 4k
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Figure 7. Vibration mode in the z-direction at the peak frequency of 52.34 kHz
7. IEESHET(52.34 kHz), z HERIIRIETS

AN FEBE(0 Q~100 MQ)FFE 1 x5 ik o 8 0 F) A 1 P PR AN A H P 3 5 A R BEL K AR A R 2R
(14 8(a)~(b))o ATLAF Y, %yt fo MRl Zh i B BELA I N84 I, AE AT RN, oKt LR 20,33V,

Wik 8(a) . IR, AF7E— Ml R i KA L, 7R HLEE N 15.849kQ I, A i
K Th# 3.82 mW, & 8(b)FR.

20t 4
2 15} £
o =
£ :
S 10} 521
[
2 g
5 b
0 1 1 1 1 1 1 1 O 1 1 X 1 1 1 1
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Load Resistance (€2) Load Resistance (Q2)
(a) (b)

Figure 8. Electrical output performance of the system at open-circuit resonant frequency; (a)
Output voltage; (b) Output power

8. RGFEFBISIRIAE THRMEERE: () MHBRE; (b) WHIE
4.4. BILAEER R LTS EEERE YR RE

)R, T4 EME R R, e IER 7y, a2 DA 5 I R i 24
A RERE k. B, B WEABIIEARRE B NS BA . mREERK, REBEMN
JSEAE AT LT e BUAE IS A b, TR N (0 AR A S S A L IS R IR, S R AR S T e

£ 50 kHz 22 A AR, 2 mm J2 AR B AR SR P IR A 09 19 mm, AT 12 30(6) T 545

H:
2nth Y ¢
A== 6
\ s [12,0(1—#2)] ©

b N FEERIE L, fORAMBBUIIE, Y« p w23 MR IR 85 LA RA EE .
AWHTERY, ARG TSN 12 5, BRI DA SR P9 B AT AR [R5 5 (0 o s P v
BIGGE; HEAKT 2N, SEAES TSRO X, KA 7RISR [27]. B, R
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G EAR, AT OR R BB e e R R . 14 9 BOR TR LR IR EEE E O 2 mm, AMESHLFE Y 100 MQ

i, BN A ELAR S H R R A e H A it 28(51.0 kHz ~54.0 kHz).

50 T
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520 525 53.0 535
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54.0

Figure 9. Frequency response curves of output voltage for piezoelectric patch
systems with different diameters at an external resistance of 100 MQ

9. 7ESMERERRE A 100 MQ B, REIERAER R ARGHY M B ER

N 2%

10(a) & 10(b) 73 5 N FF B& VSR A R (R H A B4R A 5 mm B4 51.82 kHz 6 mm B4 51.86 kHz.
7 mm K24 52.05 kHz. 8 mm 4 52.34 kHz. 9 mm B4 52.73 kHz. 10 mm B4 53.14 kHz. 11 mm KA
53.26 kHz) N[F EAR R v RGf th fi . i D28 Bl AR FPH (0 ©~100 MQ)YZALII R FR . MIE 10
ol DAE s B AR AN L BEL B DR SR I O, S A L B B T T IR, B
IR RAE IR FEANAS o T80 H T 2R it A 305 eEL BEL AR 38 K S 388 K5/, A7 E — M4 H T 2R e K ) e 1
AN BHOE L A BLARA 5 mm B2 10,000 Q. 6 mm B 12,589 Q. 7 mm 4 10,000 Q. 8 mm I 4 15,849
Q. 9mm 4 19,953 Q. 10 mm K4 19,953 Q. 11 mm i 15,849 Q).

T T
451 t:2mm (fixed)
d:5mm
d:6mm
d:Tmm
d:8mm
d:9mm
e /:10mm
- =——4d:11mm

= = NN W W A
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[==]
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14 T T T T T
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’“\12 i d:6i::n1: i
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a'j 8 p=——d:10mm o
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. Q? 6k i
- B

&4y T
b =
] & 2t ]
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(b)

Figure 10. Variations of (a) the output voltage and (b) the output electric power of the system with the external resistance
when the piezoelectric patch has different diameters
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ARG R RN BE T R BRI AR L 1 1) Fme MR HE A EAEM Smm 0% 11 mm B, %
R SE RN, MBS 10 mm WA REORAE, 443267 V. MER A EAAISME 11 mm B, H
T HUEHEH, PR R AR, A 1.4126 Vo fr DB R B 11(b) PR, BRI
12554 mW, f/DDIE 03408 mW. FTLUE W, fEEM A EASN 10 mm N, FRS0H 4 H LS A )
RIRFN R AME. FL, BATERE N 10 mm AL ER.
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=
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Figure 11. The (a) output voltage and (b) output power of system versus the diameter of piezoelectric patch

B 1. R%M() MHBRESD) WEREERAFERNEL

Ho, BAT 8 i R R RO RE R WCR AR i . thial(4). (S)PTRAE Y, s o A %am e FBL R A B
Ko DR R E S SR KRR ¢ ROEL. HRIRSIEERE NN S A A rad i,  Hag &
R IE 32 PINURFHSTIL R I . e R R A 3
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n=——"= (7
(z,+2,)
Horh Z, ONERRURAUBBEST, Z, AR T FONUARREL L. P LAty 24 BRAOR s A AU RO B
B RO R . (B Y R R R R, HHURPH BTt 2 36K, RERAEHMBCR B2 il . 5 Fb
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Figure 12. When the external resistance is 100 MQ, the frequency response curve of
the piezoelectric disc system with different thickness’s output voltage
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K 13(a) 1A 13(b)E7R 7 R HLA AR E N 10 mm B, JFEGIEIRAIER R R B RN 1.0 mm BN
53.29 kHz. 1.5 mm W4 53.26 kHz. 2.0 mm B}/ 53.14 kHz. 2.5 mm K24 53.02 kHz. 3.0 mm B4 52.90
KHz) AN 7 1 FH B R Rt rh T it D A L BEL(O Q100 MQ)YAR LI SE B o BNyt vt I
W1 B8 4108 F BEL A H KT SR 3G O, i R D SR A e AR AP A FH O FE T R BEA 1.0 mm B2 31,623 Q. 1.5
mm 4 31,623 Q. 2.0 mm I 4 19,953 Q. 2.5 mm B4 12,589 Q. 3.0 mm 4 10,000 Q)4bik B KAH

50 . . . : . : : 20 r .
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Figure 13. Variations of (a) the output voltage and (b) the output electric power of the system with the external resistance
when the piezoelectric patch has different thickness (1.0~3.0 mm)
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Figure 14. Variations of (a) the output voltage and (b) the output electric power of the system with the external resistance
when the piezoelectric patch has different thickness (2.0~2.5 mm)
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