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Abstract: The piezoelectric energy harvesting characteristics of a trapezoidal cantilever generator with lead zirconate
titanate (PZT) laminate were investigated with various Ag inner electrodes. The piezoelectric mode of operation was a
transverse mode by using a planar electrode pattern. The piezoelectric cantilever generator was fabricated using
trapezoidal cofired-PZT/Ag laminates by five specimens of 2, 3, 4, 7, and 13 layers of Ag. As the number of Ag
electrodes increased, impedance and output voltage at resonant frequency significantly decreased, and capacitance and
output current showed an increasing tendency. A maximum output power density of 7.60 mW/cm® was realized for the
specimen with seven Ag layers in the optimal condition of acceleration (1.2 g) and resistive load (600 ), which

corresponds to a normalized power factor of 5.28 mW/g® » cm’.
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Table 1. Piezoelectric properties of commercial piezoelectric material
(AC750) produced from Hayashi Chemicals, Japan [18].

Piezoelectric properties Values

Sintering temperature (C) 850C

Curie temperature (T.) 225C

Coupling coefficient (k) 61.7%

Mechanical quality factor (Qm) 138
Piezoelectric charge constant (ds3) 52010 C/N
Piezoelectric voltage constant (g33) 24x107 Vm/N

£33 /g0 2,462

tand 0.9%

(disk) A]#Ho e = 10 Uepgact

U AMetel sorg zejele Alxsh] i Eelold
A AR wof AA A2t BEhl polyvinyl butyral
(BM-SZ, Sekisui, Japan), o|&-2(purity 99.5%,
Samchun Pure Chemical, Korea),
99.5%, Samchun Pure Chemical, dibutyl
phthalate (purity 99.0%, Daejung Chemical &
Metals, BAA|(BYK-111, BYK-Chemie
GmbH, Germany)s 4A H]&2 A7} 2 3510
o, ogst X159 A|2FYot (2 =3 mn, 5 mn, 10
w, 15 o) OIEIO1S olgsll 247 59U £Y
25 7= 23 ”(screen)g 9]
F s (slurry)E @45l AAESIR L
2x7]5 AHgsto] -760 mmHg A==
5%{} 230 A~ WHo] 7|25 AASIAH. AxEd
golx 7§48 AHH|(TCA-2000, Techgen,
Korea)S ARg3}o] 9E| S2fo]=(doctor blade)Z +
7 °F 33 mz FAFoz FAst EAE e 1A
E(green sheet)E A &R3}3TC}.

A 2

= F(purity
Korea),

Korea) %

OHmesh) T+

2.2 AICI2|E 2IEHE WXI| M=

Axst G4 A ES ATE Jun YA 7
dabr] stol o) 12 13t 2ol MAE|gr)

AAE AfcRe]E migloflA PZT ®el 3, & 719
0p3 2= H3ggh Ho] Zol:= ZM7h 39.08 mmef
14.39 mmo] o]5 ¥ 719 A2l 46.64 mmES 7}
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(b)

Fig. 1. (a) Co-fired the trapezoidal PZT/Ag laminate and (b)
the fabricated trapezoidal piezoelectric cantilever beam.

=22 AMgE= 3 mm X 4 mm F7]9] Eol'd mj
= AT, AAEHE vfF R AT TUY
O0tA 3 (Sejinsmark, Korea)s AASHgon, A3
OtA F(screen mask)= 850°ColA] =A] AA 71ssh
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Tech- nology, Korea)?] 9=2 125} 640 mesh,
25 um9| opening size 402 AAs5HYCtH

Holz= 7/fA”Z Soll Al 4 $9 IHAE
3 1350] ASEUCH, Ag A= 2= 25t
d 29 22 AFFEE 7Kl PZT/Ag laminates
Alzsteick. Wy A

K
o |d rr

PZT J™HAEE 7Zt7t 2= A =7](Keko, Slovenia)s
o]-gsto] 60°ColA 10 MPa9] ¥eoz 7o}, AFeh
S 25 MPa, 65°Cof]A] 20837F WIP (warm isostatic
press) 5732 X883t & S2fo]= #{E(blade cutter)
£ o] &5t At E FEiZ AT 2 ARSI Al
"ol fxdz AFH Ag 435S Huld A=52 &
s M2 At on], 850°CoA] 2417t &9F A &

A: Two Ag layers B : Three Ag layers C : Four Ag layers

Ag Electrode layer

PZT Piezoelectric ceramic
layer

D : Seven Ag layers E : Thirteen Ag layers

Fig. 2. Schematic images of the PZT/Ag laminate with various
Ag electrode layers.
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2 AolM AMad PZT/Ag laminate®] UJN+&
S FE-SEM (MIRA3 LM, TESCAN, Czech Republic)
= o]&stgion, AAE AlHe] JuHA(impedance)
QF 7oAl 8l A(capacitance)= UATEA EX7](E4990A,
KEYSIGHT, USA)E o]835t3 00, Y&t X 3K resistive
load)?] Z7]o] @& &£ AL 544 FASEH A
718 B2 7] sl 7H:17](Bruel & Kjeer, 4809,
Denmark), 14 4= ZZ7|(NF, HSA4014, USA),
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Fig. 3. Experimental set up for the measurement of electrical
properties of the trapezoidal PZT/Ag laminate piezoelectric
cantilever generator.
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Fig. 4. Cross-sectional FE-SEM images of specimens A, B, C,
D and E co-fired at 850°C for 2 h.
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Table 2. Impedance and capacitance of the trapezoidal cantilever

generators as on/off resonance frequency.

A B C D E
Off resonance
. 133 62.5 6.72 4.17 1.18
impedance (kS2)
On resonance
15,900 7,450 2,340 476 146

impedance ()

Off resonance

59.5 127 376 1,910 6,690

capacitance (nf)

On resonance

68.0 143 417 2,190 7,320

capacitance (nl)

% Off resonance is 20 Hz, on resonance range is 148~150 Hz.
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Fig. 5. (a) Frequency dependent output voltage and (b) output

power of various trapezoidal cantilever generators.

o BRUFHS 22
g Uenhsion], e
npold 52 AR
SR EERES 43 3 5
FARTRAN F75He S BEou 1 ue

mean square) £&02 R®7|stgcH dodH
1 P A
]_

o
)
ab b
i)
|o
u
N
2

Am

E 10

>

N’

5]

on

«

=

(=]

>

N

=

=%

~—

=

o
T T T T
20000 40000 60000 80000 100000
Load Resistance (Q)

Fig. 6. Output voltage characteristics of various trapezoidal cantilever
generators as a function of load resistance at resonant frequency.

——A 18kQ 2.68mW
—o—B 82k 3.32mW
—0—C 34kQ 441 mW
—2—D 600Q 4.90 mW
—9o—E 140Q 4.16 mW

Output Power (mW)

Load Resistance (Q/Q)

Fig. 7. Output power characteristics of various trapezoidal cantilever

generators as a function of load resistance at resonant frequency.
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gho] g &9 A¥ A4S HAEH dA oyA|
sHAY 582 =017] HollM= JIEHE AR of
U QIGE|E o] &3t duEA miFET BoAEE o]
|3 oA S Foll 29 A 588 =
ol Aol d¥tdo=z AREE Y Qo [19]. & A
H2 ofzfe] Al (2)& ol =&

P=V. *R (2)

485 A€ doda il 3AH S Fol FA
2ol XS Agsto] Frbstdtirt dascsts AT
Uetyiion, Yy A= Z49 F7to] ot 25k A
o g &9 JA™ 9HEkgo] G40 AR 4TS
UERRITE 2o &2 A2 of Al (3)x} (4)0lA
43T 2 %0, P WS AUE e FolA e
W2 YRR gt 5dst s 7 djo|t [8]

[ )

g LV RetR; T (Ry+R,)*
P, 2 V'R,
aR, (4)
L (Rg+R)) (Re+R;)
_ 5 (RS_RL)
(Rs+R,)?
(P& 2849, R UWFAY, RS F34)

A Al Ax 18 kQ9 BSHA|Fo|A 2.68
mwWe] |t £3S Hgon, B= 8.2 kQofA 3.32
mW, C= 3.4 kQoJA] 4.41 mW, D& 600 QoA
490 mW, Ex= 140 QoflA] 4.16 mWS UEI9I o,
Ao 222 Ald Do vERS MY =2 28 §
4= 7 AlE De FAIEmR 150 HzolA Z|Hf
3.55 V 53 MY, A 4.90 mW, AL 760
mW/cm?®, normalized power factor 5.28 mW/g” -
cm’S YERYQICE UHA] AlHEE & 30 oA 3}
HlA” 542 Qofsto] Aojstlon, ® 40] 2 <
ToF FARRE PZT AF9] 4 AR o] &3t o
A719 o] stAY 5445 vluste JUide
2 522 542 7EE ¢ 4+ Ao

PZT/Ag laminate®] Ag A=< =2
AR Atte] & PZT/Ag laminate 2JEE U717]9]

Table 3. Comparison of energy harvesting performance of the
trapezoidal PZT/Ag cantilever generator.

A B C D E

Impedance matching
. 180 k 8.20 k 3.40 k 600 140
resistance (<)

Maximum output
114 749 6.14 355 129
voltage (Vrms)

Output power

268 332 441 490 416

(mW)
Power density
3 422 520 688 7.60 6.30
(mW/cm”)
Normalized power
293 361 478 528 437

factor (mW/g” + cm®)

% Resistance tolerance is +1%

Table 4. Comparison of energy harvesting performance of cantilever

piezoelectric generators using various materials.

Power density Power factor Normalized power

Material (mW/em®) (mW/g?)  factor (mW/g” « cn’)
PZT-based
. 0.0822 0.337 0.154 [20]
ceramic
PMN-PZT - 0.226 - [21]
PZT-5A 0.375 1.48 1.48 [22]
PZT-5H 0.349 0.319 1.21 [23]
23 A3 5ol Friske Aol uerHed, 7
W2 A=50] @49 Al B FRoe &3 Ao
3717k Al DEG @3] Faste 4ol dEEA
ot ol A¥FANA AREE = oFAIY ST F
A @ AARF AF | 71915t Zlog AL} B} WY

4. A E
2 HAFolA= PZT/Ag laminateE ©]&3sto] A=
gt Atth2] & PZT/Ag laminate 2 ZH 7|9 oy
A st A8 EAL HI517] 95 PZT/Ag laminate
o Ag A= 45 ¥ AlHS AAsiA. AlH
A= 2719 Ag AF50] AdENen, B= 371, Ce=
47Y, D= 77N, Ex 13719] Ag ®A=Fo] &/, &

rl

14 g9 £4 Ad A 5471 F7MYl met 5
Y52 e 58 214 ool Skt AF of
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