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SUMMARY

Piezoelectricity is a good candidate for the tool of energy harvesting system to
scavenge ambient energy from vibrational sources such as wind, traffic, human
movement and railroad vehicles. In this R&D project, in order to apply piezoelectric
energy harvesting system to the commercialized railroad vehicles in South Korea,
vibratoin was measured for each types of train and vibration characteristics were
analyzed to select the applicable type of vehicle.

After the measurement and analysis of the vehicle vibration, the vehicle was
selected and piezoelectric energy harvesting system was optimized for the selected
vehicle. Different prototypes were designed and produced for piezoelectric energy
harvesting system through structural analysis of the system. The R&D project was
conducted with having a consultation of the vehicle manufacturer’s operating
authority(Hyundai Rotem Inc.). Discussions were held for practical ways of Railway
Authority(Korea Rail Network Authority).

As results, power generation of 0.15 mW/cm®, which is the final goal, was achieved
by using piezoelectric energy harvesting system for the selected train condition based
on vibration measurement and analysis.

Also, piezoelectric material composition was developed to enhance piezoelectric
performance. High piezoelectric property and energy harvesting properties as well as
good mechanical properties are required for materials to be applied in piezoelectric
energy harvesting in train systems. However, it is difficult to both achieve good
harvesting and mechanical properties since they normally inverse proportion to each
other. Nevertheless, We have achieved good piezoelectricity and energy harvesting
factors and added MnO, as a hardener to decrease dielectric constant and increase
Qm In PZT-PZNN system. We also added CuO for low temperature sintering and
achieved dss X g33=20,161, k,=0.6, Qp=1020, more than 100,000 cycles till fatigue at 90
0C. Reliability assessment for the commercialization of developed material composition
was held.

All in all, in order to apply the piezoelectricity to the commercialized railroad
vehicle in South Korea, vibration characteristics were measured and analyzed. Also,
the applicable piezoelectric energy harvesting system was designed and produced form
the material composition development, structural analysis, and electrical circuit
matching of the system to obtain the output power of 0.15 mW/cm®.
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<Perovskite structure>

Pb o O o Ti(Zr)

O oA Aty axs ddt =d3s 28 A= & duA 54 C1AE odudA <
A7H o ATke] WEko] 7hesly] Wi ~utE Ed=2 B, 12 WE 9 23
HEHA| 25 7He ek

- 1A A (PR EH  7IAF | A] = 713 oA
- 22 A (FFdme - A71H o|A] = Z1AA ey A

o 2SI} M o TSI B

o A2 2M e IS
it A
o UZ0I0IE g 5
e Z2I P, X AU (positioner)
e 0| JLIOIE {:::Iritml :
e BlOIEE & (hydrophone),
e gﬁ%iﬂam i 010132 & (microphone)
. NA o &S, 0IZADDT
o EEIII WA
o NHE ML4X SHHAE

o EE(filter), 3l ZUI0IE (resonator)
e 2L} (SONAR), 21} =&
(ultrasonic probe)

o HJ| OIS T2 MY
e Hel £3
o MY B




O A7A A - A oA
- dwro R AANUAE wold JIAH UAR WEse] FEH] W] ActolA
2g WA Actuator® Zrolnl, 233} |, 2Ejolx ] plA] 2R, @
AR, AEH 92 B4 FH, 92 ZUE J2 BA FH, A=

297 9 RA 5 AT BHH WL o8 24t FE ol E.

s
MR
=

OZ1AE A\ A — 2714 A
- Z1AMAAE $27F S48 AR d71F AEE bE bt & < s
- A AAM, A AA, ThEa AN, 5 A, 29 A ARs AR 2 AA,
A2 FHFA AA 5 A AEE ARk F2 29
- ool = M7 H UAZE Bol heER sty WS dogAY, A7) Ay XA
AAE ARshE Boklx 220l tEA o 2= b WA (BholE B 7R A,
s Am Hs 8, AUA sl =" ZA7E Q)

l'ﬂ ol

ol
rlr

A

o

O A7H A - AAF A - A28 AU
- A7) AEE A A9 AFS olgstel A WAL FF st Aown ¢4A

g zUolHY 4Ad EdAAEn So FE 229
O ol 4 B F2 ABOs 24 725 VA= AlgtgdA yelyy A 2o+

ol WkA|Fo] 120 pm A== & =4o|, B Aol 70 pm AE=E A2 =40
AHEE™ dEH 28 Pb(Zr, THOs [PZTIH (Na,KONbO; [NKNIo] 9l

. A Pb?orLa¥
. BZr*orTi*

Ooe

ABO, Unit Cell

a9 4. ABO; 7=

O 7Aoo bl Aebe &Als Aszle] Wdlo] wls AWaA HFHoR s
e Z7)e] mEGA W A iR Tgo] wlS 7] WEe] sEe] AAIE oA
AT 2AR 2R B S



Nano Power Generator Micro Power Generator Macro Power Generator

2 M op oo

Portable electronics Wearable Computer/Clothing Hydraulic Power
Biomedical equipment UsM (Ocean & River) Plant
Healthcare system Toy System sty

Vibration sensing & monitoring Vibration sensing & monitoring
Wireless Sensor RFID Bt
Mano Sensor squipment Mable system Windmill
Acrospace Sector Bluetooth Building (Curtain)

Railway/Mighway
Military equipment

SA4S ol g8t A At dFololE, BH, H=EuUlolH, AM S&

S Axte] ST Qo] Ag] Aol AH 1 B AT WS 2

S8 22 9 AF

5217171

g zuyolg, ¥H, t2== grjyoly, &Hd23FA, delay line, 3F71H
HE AR =

95 7]7]

2 EE B4, 259 @7, 2% AH7] T

A X717

NERAA, FA4A, LA, knock AA, A5 AN 5

AA7171

oo g IdH, 223 7i&57], <¢+A 7| (ballast), buzzer 5

A7)

et wlo] = 2 W] E, strain gage, positioner 5

T] 2 Z g o]

LCD backlight& E#fx=2zw, Bl AFxHE& YAREE, HlH-
Zhwet-g B9 =28 actuator (vibration suppressor)

TT&

=

Military vehicle, space structure 5

actuator

#2v4 AC dilatometer, 7FH¥  mirror, 7PHEBIE AR, dAv) A&
stage, A2t xR A& device, fadAl& serve valve, VIR head,

printer head, ultrasonic knife, & pump %

ox E;IQ
of B

N oyo X

.

o)
2

rlo

HEH o2 PbE 7|Wro 2 & Pb(Zr, THOJPZT] Alehe) 2o 1 &
=
FAIMPBIell &3t A77F 23] WP H S
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|eHoz BAY TEE AL PZA
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O PZT Agyz==

b MPB g <ol A ¢] sF

<)

- ofzf 2" ol

(9,57) dy Jo3ory buy|dne) 3

=

il

=1
T

PhEZrQa

100
0

(THWI'D.82) /52 A31A113 a3y

PLTiOQ, 100

Composition [mel 28]

-PT A

d 6. PZ

a1

zrel

ke

o} 71A1 4

el

1 Al
b | T

Ao ZH Z7]

HojFE

=4 Vg AR

e UA 4, 5 65 F 79

2 HH 3

o

=
=2

1, 2, 3

oju

Al

]

o) 7

CINZ} m/Ve] % 7}A 7}

T
T

- mebd d el B9

=
=

grol wl$- 2] wj o) 10™(pico)

gol A8

=
=

9 pCIN &2 pm/V
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PZT A® Atelzel A9 oF 300600, NKN AQ Al2helze] 25 100-300
2o e 7H.

O &3 Agge Fo A5 A7INA 27 AF k;

O

O

dd 247 AR T8 JUAE FE E‘i%‘r% o] M3 §8&S YEhE 22N
0ol A 1AFel9) Fhs 7FAH k E=3 d 49 ri7AE k&2 e,

E5 A kKhE 2 A= EJLH] olwj p: planner EE9] k=4 313 327}
Zog Aztsld = A A &A9 oA ¥ a8 kE AT

Fl

1

A3 o)
T

Zkol A

A=A o=/

71 TE 714 A
A7 AAA[F

& AAA oA

2 4% AAA FAAF Qn
7NE FAA RN Agshs Qo e oul.
G55 Walv] Q gto] F4F o] ug A AL Ue
A7

S Heolyh HRATE 7IAA MEe stER, 173 "éﬂr

n;é

7NAA e B

o2 Qnol S5 & Tl How I3 FuhoA YuE Tt Apzd) A ER
T 540 FoRA= Aol AL Qn kel Hel= 50~20000.2 Azl whet vl
i

H )
& ozl olwstelol A AEgoz A 29 gbd At ddel HEg
B ol 3 WAL 9% oW, B ATBEE AEAF] gL 9
@ ZlolmE, A%AQl wxo] Wastd I 222 AaHe) A9 £ Q, @ A

A At e F8 4 o] &%, Curie Temperature (T)

gAA el AA Fx7} Cubice 2 HiAE L2 on 3}

o] &% ool HH ¢td EAL oy dutz oz dAHAE FS FHA
= TAAT7] w2l o] ol EFE Fo.

PZT A Alghelzo] A9 oF 180-350C A=l @& 7HAM NKN A Azhe 2ol

A$E oF 250~500C HE9| gk 1A,

A Ao F8 44 0 P 2 Ee

Polarization-Electric Feild =4 (P-Exx)olA z+zt y A3 x dHES Yepd e
Ho2XN Pol AVl B59 & E A7l £59Y 4% AEE UEE,

Z, Po] F48 EZo] @o] @ A, EJl A&FE IS 7] 4L AY.

ES o]lgg P-E F49 WHL 48 UEHER AFo] AE&FE F5.
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3 A+
- Donor =33
¢ AT B B BAL =9 3
o obefst e 54 WY} g (AA Wkl Wste] 29 AR B3
e AutH o AB7} REHY Ay PR £ZEY Fie} 2E.
o dy 3L ky 2% 3L Qu B4, P B7h Ee 24, T W3t (353 82 2E 1)

e PZT A QolA= Bi*, La*, Nb*, Ta™, Sb*, W To] F=Z 20| NKN AgA=
Ba*, Ca%, Sr** o] F& 29
- Acceptor =33
o AT} B e
o offjo} S & ]
o At o8 A 57} "3 2| 7] wfZo
zZ

2 |
o dyy T, ky &% A, Qn 7h Pr T4, E

O PZT AMztejzef /Ha : PZT Algte e 7%

- PZT A&=l2& PbZrOs [PZIe} POTIOs [PTI7F Aeide Fel2M £ Hlyh oF
471530 PZo 1 Tos3°l 41 MPBE €73 &

- PZ& ¢d E40] ¢l Rhombohedral T%olx PTE A S4do] & Tetragonal

TEY.

A5+ ¢F 12005, due 200 pCN, k= 0.6, Que 70, Te= 350 BEY s 7HRL

B>

A 500 =
~ Paraelectric o

=%
Q
&

Ferroelectric
tetragonal

Temperature (°C
Ll
2
[t

W Ferroelectric !

200 \ rhombohedral I|

- > I
!ffl i |

100% 100%
Lead | Lead
Zirconate titanate

% Composition

1% 8. PZT Algty 9] HH=
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O PZT Ayl 29 AFH3F @ Relaxor 118
- PZT Alg}9~o] PMN, PZN, PNNZ-& Cubic 7+%2] RelaxorE 183t AN =28 MPB=
FAsty 4 EAZES FEAF.

Relaxor

MPB

.. Para.Cnubic
~ T

P7Z PT
13 9. PZT-Relaxor A 2=€¢] AH=

- 4J) 0.65PZT-0.35PNN : &2 &5+ 12005, ds+= 600 pC/N, ky= 0.65, Qne 50, T
200 A=< #s 7HH.

O

- 4 o = relaxorZb A-8H ol wet dp7t At Tt RolAle Aol A=

L W0 B9 AR AAGe 2E SEE 10024 005 oI5E S
- o] 7% ulg A7 POIW WA, AgE o &3 MLCC 3R A§ b5 el o
gl [e)

- o)) 0.65PZT-0.35PNN + 1.5mol% CuO : 225+ 900%, die 605 pC/IN, k,&= 0.6,

Qne 50, Te= 200 AE9 ks 714,
- HA7MA 7} Zo] E0j7tH A EAXo] 7HAstE Adko] 9L

HJ'

O NKN Mgt 2=e] 758 : NKN Alghe) s 7]
- PZT At} 2=9] 7b 2 ZAIQ] Pbell ot 34 ZAE sl2sty] 9t A+ ¥

- PZTAN 2"3} nlz7kA 2 A EAlo] fle orthorhombic 7+%2] NaNbOs [NNJa+ <¢F

A E4o] g orthorhombic 32 KNbOs [KNIo] 4 e Feld.
- =9 HIZ}F 50/50%1 NosKosNellAl MPBE &8st 4~d2=+= oF 11005, dp= 120 pCIN,
kpe 0.4, Qne 70, Tex 410= A =9 k& 7HFL
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MPB

5001 ~__PARAELEGTRIC CUBIC
400}

FERROELECTRC _
300 TETRAGONAL %o

FERROELECTRIC

100} ORTHORHOMBIC |

HORHOMBICT 1~
i
-nlo 0.,_‘\ .
FERROELECTRIC RHOMBOHEDRAL
200 : : A

MOLE PERCENT OF KNbO,

19 10. NKN Azt ~9] A=

TEMPERATURE °C

- PZTe} 28] T. o)Al orthorhombicTZ% oAl tetragonal 7+Z& W3l 252 Toy
b glon 1 exE o 200 AEY.

25000 -

20000 -

«° 15000
Lot
I_{-IJ

100001

5000 -

0= T ' T T T T 1
100 200 300 400
Temperature ( C)

9 11 PZT Al A=y 2=9 T.
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so0q - (a) | =00, Te :

| %05 Te:
i =10 Te;
i =18 Ta:
i *=2 0, Te:
]
]
]

2000 =30 T

38870
207G
IAE°C
389°C
an0rc

0.6

el [ ™

- 0.4

Loss

- 0.2

I . ..I .

O NKN Azt o] A B
- O ABO; &2 3 1188 %3 Polymorphic Phase Transition(PPT)¢] o]-&3}.
- A A o) LiNbOs, LiSbOs, LiTaOs, BaTiOs, SrTiOs, CaTiOssS 83t 200= Xl
ANE Tot 2202 "o,

Dielectric Constant

whebA] 3o A orthorhombic3 tetragonal 2 T4 E AMZ-2 MPBE AL&E 4 9

200

300 400

Temperature ("C)
a3 12. NKN Alg Mgtz To & To

of meh o EAo] FEH.

200°C

Temperature (°C)

Normal Ferroelectric

s

ki

Dielectric Constant

- =
Temperature (°C)

Normal Ferroelectric

1% 13. NKN Algke 9] PPT #s}

- o) 0.95NKN-0.05LiSbOs :

- o) 0.95NKN-0.05CaTiOs :

5\__@_9_1:.‘:_

T -1

1050%, ds+= 280 pCIN, kp= 0.45, Que 70,

= 400E A= e 7R

AR =

a1

1060%, ds= 250 pC/IN, kp= 0.4, Que 70,

T 3305 A9 e 73,
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O

O

A= &% QAo

T -

? MPB7} AEA|Al =H7] w2l 2=

032 [l

z

Piezoelectric Coefficient d_, (pC/N)

sk -
x ~— {320
- .-
05k 280
»
" 4 240
0.4 " -

é

Electromechanical Coupling k.

=)
[
B

g_

50 6 L 50 1':.:'3 1;5 ‘ 263 )
Temperature ('C)

[}

)
19 14 NKN A Aty ze] 250 g 54 W3}

A2 a4

PZTAZ Y =9} mix7iAl2 97} A2 Na 3 A, AgdS<& ©]83% MLCCEA

Ag& #8t] CuO 54 HA7HE &3l 90T olste] A2 &3S

a) NKN + 1.5mol% CuO : &2 25+ 960%, diz= 100 pCIN, kp= 0.38, Qn< 800,

= 400C Axo e 7H3F.

a) NKN + 1.5mol% CuO + 0.5mol% ZnO : &Z25+ 9005, due 100 pCN, k= 0.38,
Qm< 800, Te= 400C A=< s 714,

gulEg o 2 NKNeo| CuO7F A712 AL st=d B37 Zalld dige 249 Qne

4% S7HE 7HA

ol = V' 5& XFate] A W3 glo] AR £2S U= T

a) NKN0.95V0.05 : &Z225%+& 960C, dye= 120 pCIN, k= 0.35, Qune 70, T

400C A& < 7HA.
PZT Algte 2] A 2} 2414

PZT Algti =9 744 & EA)= Pbol
RoHso| wW=H P, 42, Cr¥, Cd
o= E &7 %xﬂ— skl

Jeiv A ARk A Edo] AdE o 7R AL 2V E AR

oj2lo = W2 Tc ?f} = T U+e

ojf U
filo =
35

o

_?E

O NKN Azt 9] A ¢ ZA1H

NKN Algte)z~9] 7}4 & &A= PZTe nla] @2 A EX4ES 5 F A+
ol = ol FHofsH A A AT vl Bue A =3 5 F e
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O 4za s EA =4 2 BAUAE 23 Ad=od dae] &3 1% 24 HABKY
Azol 7k HS wl, A A2ElE o]g3te] 015 mW/em® HHFDS Bxz g

¥ AT 2 FoA Hlwd Fso] AY e 2HE AZ|FAE EAF 500 km/hell A Yelu=
2155791 11 Hz$} 28 HzollA Hdl 0.01 mW/em® 22 fdlon, o] zkel 10ujol] afigs
0.1 mW/cm’2 282 AL a9 % HrlolE (.15 mW/em’e. & Ex3F 34

- RA A7gERe) WE GAES oF 0 ~ 300 Hy, 2UE A1 dAle] Frjeize
°F 0 ~ 56.5 Hz&2 ¢} el T&%h9

- oi=k A28 (Bogie system)®] A1 A DHAFY FEAGOR A ) AF
AysthH, <k 400 km/h o4& 8.8 Hz, ¢F 500 km o4& 11.1 HzeF 28 Hze| X&s+E
R

- BN AL AF PAACNE A AR st =dlole] 14 B nAAFF

o

)

[¢]
D) Sl SEE AZE xﬂa}w =4 A% 2 54 7
1

o dy3 X g3 > 13K, k, > 0.5, Qn > 500, &2 2% < 1000C 9 A Az =4
o dy3 X g3 > 14K, k, > 0.55, Qn > 800, &2 2% < 900C 9 & Aty =4
e di3 X g3 > 15K, k, > 0.6, Qn > 1000, &2 2% < 900C & A Azt =4

e dy3 X g3 > 15K, k, > 0.6, Qn > 1000, &2 2% < 900C,
Fatigue Cycle>100000, Young's Modulus < 80GPa¢] 43 A=te] =4

s A oA sl a® aap JiE

P YA =B AR oA Bl oYz} FERelAE B2 E4do] WAsh=T,
Y F=xol M= A At WY Axe WY RE Fo] EEHAAL o=

LRAF HAHER o]F AT A7l H=A Hadh

3) 22PdE A7} o] F Hrre|Hdl whet 150% T 2783

4) IEEE Transactions on Applied superconductivity, Vol. 12, No. 1, March 2002

5) The 4th Internatinal symposium on Linear Drives for Industry Applications 2003
6) £38E3E|RA #2049 35 2008.5
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3. AN 54

O ¥ A& A oftodE Fa% Ho] gl AT A2 Lpdse] FeAd A% 24
% B ool A A, el G A2 AS 9 A A Ag A
2AE B, AFAEQ 3] ARAEGA Bh P Az FYRBS S AAY,

O & A7Mee 5o A= o) g SHIZEIE HeFosH AF B:k 015 mWien o
E3 thu] 479 g 0.71 mWiam'e] A3 2A(FERL 115 mWan’s oF 7.6u1 &)
o] ANE FHH R AEAe] ALFTIA AAsh 2 AAY Tiuolze] EgAUoR
1§ TFsT Aoz W,

O & FAY 22ES Ba Zxgkel 10 mW / 5 X 3 cm’e] AZee. ol2ldk 24
10,0005 44218 o oF 100 We] A2 Aae & 918,

O BA ABEE shilaE g g 240 DAl dgxgus oF 10-11k A=Yel H3)
oF 2 W %S WA duxgs - 20k S THE (BERE 150 o AL P
spulsel w4 8EE BF dRATL T 4 A8

O @ F&ol4 AYHOE AET 5 Yt duxgs & FISHE PO ZEE HYSHHL
ATANLL Fol duxgn = 0kOE 4T3 BAE A BAL 2= 2R DL,
53 Quel AFE A9 duxgn B AAFAA P S 1020 B THT.

A3 BdEFZoke] e ZeNd A

L #dEorY = 7/l 4%

O = EAReIAE d=Aee leds Beistel Aoty AAE o183 b oluix]
B0 2 sl 4 AR Sl ATENE HAsl £33 28

=

=

a9 15, Askd 5=

A%
=)

s A4 o A7l
S oA shilzE (R A
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Hg Thsd dd £AE o) gsld E2g,

EeEHNRN YR

L T
ERLEERE

PRy

(b) sHEF=E

3 16, A she ~E

2. BEEoke] =9 Ve A&

O Ui RIEIA eI 20089 A|3Hd $72450] Qo] thit AdTel x5k 6,000 Ws/day
A% A Q006elE 100 W 1B Aaste] AT S8 AT 4T




O €& NEColA A Qe gu2d 7Ie/id 23

& AA3t 500 kWh &d A7 M &

O ol2g}d o) djito| A 2ol ¢ E=E
= & AUrid 25071t A7) &5 7Fseithal

gl
- 1 km AAA 2= 6007t b &

B3k

feEgoudns I

I 18 ojzgtd olkolEle] =28 b BE 4AY

O olxetde] A 328 N AAQ o]9be (Innowattech) jit+ A RAAXE S|
T2 & AWte AFo2HE ZAAQ oUAE +, st uF AsF, A
MRS, 2rtE O E AEAo R A ¢ e Al2Ho] Jbesitta Bk

O o] 9el= gt =7k & A7aolA b S871e< ol&st] FdstA A3t U+

3E 2. =9 4A e =" e B4 71

719 7% A 7k g ez

"= | Moo Power Gereration VPG | 78 Z= | MEMS 71R19] Tl ofujds A8 i 52l 51| MIT

Hl2kS o] 83k QP bannerS: /PESIS3 oM, power

ZA]o

Hl=r | vlhE o]-8<¢h Qb banner| 7 5| lighting, various sensors, and other devices,, l] b
architectural, building elements clothing 5ol o]-&| © o

- &9 wAIRE 25E o] 83lA S|ERA|

2 JETee feiM o 245 | NEC-

ISR=1 A 2<Hl i
SR WML AZSE PO e wiNDMIL Azsie e | TOKN
05| =R o sle | St | =2k 82e ARl A5 S0 A 48 | Imovatech
— o o HlElZ)7) B glo] 29AE B3-S v
s | Tser MO S0 | wpage oS LTS, RE A | Encean)
iF219] Power Generator 22 W 7R W2 AEAT=E B




P A=t e oA st 5o Fzigol wet oluA] st aHel Aget b
Aleky Ao A7 2ds] JPEHA I+

<]

U oUlA S|z aAEAe] 5HE B AMAE do X gu RS AHES B
BT =gel oah oAl s aE PZTAY AMeelze] dy X gy GHe oF 14 -
%

-

Composition (;éf,i_} elyle, Kk, {fg},’:;gf% Ref. T%?m
o PooseStew 600 2500 06 16263 [1] 1250
[(Zrg 40 Tig srhy 7alMEL 3N Ba 3 by 20l 0y 3N b2 ) 0e] O
P(Mity N1 5)05-PBONT, by 5 )05-Pb(Zey s Tig )05 373 1347 0583 11665 [2] 930
Pb[i8c, Wby 2o s7: T 42s )0 504 2540 069 11295 [3] 1275
Morgan Electroceramics(PET 507) 700 3900 - 14000 [4]
La-doped 2.3PZN-7.6PZT 845 4088 070 19727 [5] 1200
0.3PNN-0,TPZT 620 2742 060 15833 [6] 1240
0. TRZT—0.1 PZN-0.2FNN 641 3379 0660 13734 [7] 1180
0.5 1PWHE 5 Ty 705—0 49PN 970 abon 063 17711 [8] 1280

No. Z9d s [9F =4

1 | KR/2010-0099476 obd A A3 A7) ggoistm st E o

2 | KR/2011-0060755 A el AE Al2ES o] &3 ) S AHEE T

3 | KR/2011-0069458 FHE o] 83 gA ey A|xH Shefo)sta 4rstE gt
Ao B85 o]83 b s ~E y e

4 | KR/2011-0069460 A e " Fof st AR E Y
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A il sy AlzE

5 | KR/2011-0119428 g D olma & oleldH ellgA]
= pal o T
6 | KR/2012-0014338 otA sl Bl A 2-H) & olleldA %]
7 | KR/2012-0022441 ol A A& A e 2" Al2H & ollolsiA oA
8 | KR/2012-0064948 FES o] 83 A ey A xEH & olle]dA %]
A ] BAFPS o]k
9 | KR/2012-0083990 obdl SPH|E) A E & olleldA oA
10 | KR/2012-0084012 A=HS o] 83 A S AE A 2E & ollolsiA oA
el utto] &S o] 83
11 | KR/2012-0084018 ol S8 A2z & dlolsiA oA
12 | KR/2012-0083972 Wb S o] 83k b S8 A|2El & olo]iA gz
X ~wL o] 4
13 | KR/2012-0084030 SFAl e A|E] & ollo]glA oA
olFte] £xtold $EFHE
14 | KR/2012-0084039 Sbdl S| E) A E] & olleldA ol X]
FRAA Z2HYE o] &3
15 | KR/2012-0084059 obdl SPH|AE] A E & ollelgdA o R
=9 4 A=Y HgE=
16 | KR/2013-0155860 obd S 2E) A2z & ool ol1q X
17 | KR/2013-0167709 EY WEES o] &3 oA v AX & olleldA ol %]
18 | KR/2013-0167710 REEHo| Agr= oA wd A=A & dlo]iAog=]
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Ocean wave energy conversion using
1 US/1987-4685296 ) ) ) Joseph R. Burns
piezoelectric material members
Piezoelectric generation of electrical power
2 US/1996-5578889 from surface waves on bodies of water using Ocean Power Tech.
suspended weighted members
Switched resonant power conversion

3 | US/2003-6528928 P Ocean Power Tech.

electronics

4 US/2002-6424079 Energy Harvesting Eel Ocean Power Tech.

High Efficiency Passive Piezo Energy .
5 US/2005-6894460 , The Boeing Company
Harvesting Apparatus
Energy Harvesting Device using
6 US/2002-6433465 o USA Navy
Electrostrictive Polymers
Piezoelectric Generators and Methods of .
7 US/2007-7239066 . par Technologies, LLC
Operating Same
8 EU/2003-0139155 Self-power Generation Type Transmitter USC Co.,Ltd
9 US/2004-7005780 Power Source Appratus WENDEROTH, LIND
10 US/2002-6716942 Piezoelectric Device with Feedback Sensor Arvind Raman
Nano-scale Piezoelectric generation System :
11 US/2003-6559550 ) HERMAN, Frederick, J.
using carbon nanotube
High Efficiency Piezoelectric Ener;
12 | US/2009-572185 & v e & a7} 2A T
Harvester Having Spiral Structure
PIEZOELECTRIC VIBRATIONAL ENERGY .
The University of
HARVESTING SYSTEMS INCORPORATING
13 EP/08732677 Vermont and State
PARAMETRIC BENDING MODE ENERGY )
Agricultural College
HARVESTING
gepEe 39 RE oA Sebe s | o neeo O
14 JP/2009-554775 ) Vermont and State
dHY AFAIA S A .
Agricultural College
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The University of

s EY #3 BE oUR] 88 =
15 | p00gssarrs | e e e e Vermont and State
AP oA 55 AzE _
Agricultural College
Piezoelectric Vibrational Energy Harvesting The University of
16 US/2008-532322 Systems Incorporating Parametric Bending Vermont and State
Mode Energy Harvesting Agricultural College
MINIATURIZED PIEZOELECTRIC BASED MICHELIN RECHERCHE
17 US/2010-7692366
VIBRATIONAL ENERGY HARVESTER ET TECHNIQUE S.A.
18 EP/05775599 A MINIATURIZED PIEZOELECTRIC BASED MICHELIN RECHERCHE
VIBRATIONAL ENERGY HARVESTER ET TECHNIQUE S.A.
MICHELIN RECHERCHE
19 JP/2007-537875 283 A JFAA F¢ X
i sl =5 A ET TECHNIQUE S.A.
Miniaturized Piezoelectric Based Vibrational | MICHELINRECHERCHEET
20 US/2005-628519
Energy Harvester TECHNIQUES.A.
PIEZOELECTRIC ENERGY HARVESTER AND Innovative Technology
21 EP/01971287 . .
METHOD Licensing, LLC
FRFIFE 2A 7 A AFAHX MITSUBISHI HEAVY IND
22 JP/2008-276007 FATHE 24 7heT YA Aol
Z,:Zt] 101-;(] LTD
) ) Rockwell Technologies
23 US/2000-676137 Piezoelectric energy harvester and method !
nc
Multi-frequency piezoelectric energy
24 US/2002-274577 THE BOEING COMPANY
harvester
Piezoelectric vibration energy harvesting
25 US/2005-031993 ) Deng, Ken Kan
device
Micromachined, piezoelectric ,
o ) . Honeywell International
26 US/2006-402017 vibration-induced energy harvesting device I
nc.
and its fabrication
HYBRID PIEZOELECTRIC ENERGY National Institute of
27 US/2006-486200 .
HARVESTING TRANSDUCER SYSTEM Aerospace Associates
BOARDOFREGENTS, THE
28 US/2006-527044 Piezoelectric energy harvester UNIVERSITYOFTEXASSYS
TEM
ENERGY HARVESTING FROM MULTIPLE Advanced Cerametrics,
29 US/2007-733322
PIEZOELECTRIC SOURCES Inc.
Hong Kong Applied
PIEZOELECTRIC MODULE FOR ENERGY Science and Technology
30 US/2008-035860 HARVESTING, SUCH AS IN A TIRE Research Institute
PRESSURE MONITORING SYSTEM Company Limited
(ASTRD
BOARD OF REGENTS,
31 US/2008-057107 Piezoelectric Energy Harvester THE UNIVERSITY OF
TEXAS SYSTEM
SYSTEM AND METHOD FOR PROVIDING A ,
Honeywell International
32 US/2008-107422 PIEZOELECTRIC ELECTROMAGNETIC I
nc.
HYBRID VIBRATING ENERGY HARVESTER
33 US/2008-194711 Piezoelectric Kinetic Energy Harvester NOKIA CORPORATION
HARVESTING ENERGY FROM VEHICULAR GM GLOBAL
34 US/2009-394326 VIBRATIONS USING PIEZOELECTRIC TECHNOLOGY

DEVICES

OPERATIONS, INC.
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HARVESTING ENERGY FROM VEHICULAR GM GLOBAL
35 US/2009-394438 VIBRATIONS USING PIEZOELECTRIC TECHNOLOGY
DEVICES OPERATIONS, INC.
CIRCUITS FOR HARVESTING ENERGY
36 US/2009-402457 ADAPTIVE ENERGY, LLC
FROM PIEZOELECTRIC DEVICES
PIEZOELECTRIC ENERGY HARVESTING SEAGATE TECHNOLOGY
37 US/2009-501158
SYSTEM LLC
CIRCUIT AND METHOD TO IMPROVE MASSACHUSETTS
38 US/2009-558820 ENERGY HARVESTING EFFICIENCY IN INSTITUTE OF
PIEZOELECTRIC HARVESTERS TECHNOLOGY
Power harvesting apparatus, system and
39 US/2009-0195122 Innowattech Ltd.
method
SPRING DISC ENERGY HARVESTER .
40 US/2010-0237748 Malkin, Matthew C
APPARATUS AND METHOD
INJECTION MOLDED ENERGY HARVESTING .
41 US/2010-0236036 Stark, Brian
DEVICE
PIEZOELECTRIC COMPOSITE WITH ) )
42 US/2010-0194240 Churchill, David L
TAPERED BEAM
. . ) RENESAS ELECTRONICS
Manual control device with power generation
. . . CORPORATION,
43 US/2011-0109201 function and remote control device with
) ) SOUNDPOWER
power generation function
CORPORATION
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3 713t

1IApd =0 7] 8 3tRE MnO, FH7tell o3 8345 Wes] st7] fsted MnO, 7ol
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- 0.72PZy 47T 53-0.28PZNN + 1.5 mol% MnO, *ﬂﬂ}‘l‘.éoﬂ CuO= ‘%“7]‘ @7}—5‘]'0:] 37’]‘2‘“
535 943

- }\01_7] 7H %@_’ 0.72PZ()_47T(),53—0.28PZNN + 1.5 mol% Ml'lOg}_/‘E}-O/] _/J\_é %E%‘ *—%7}@3&
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x mol% CuO Mgty 29 CuO 7t mE mAF= ARzl

- CuO 7hFol 10 mol% °l3kel Al wls porous & PIATFEIL BE HoH,
Y= 7] wF Wl AL AL % F o), ABe] ol B3I o[ TojHA B
Ade & &

2,
- 2.0 mol%e] CuO7} H7Hd A% d= Apolz7t 7HE Zlow, = <Qlsf A

=]
Exo] 714 5T HOoE o4,

_50_



o
< 100 []
r ] o
é‘ %90[ —
E 80
S N0
z 60 m
s 50— ' ' ' ' L1450
°
(7 425 2
| | -
P 400
u &
43715 =
1400 —. ' ' ' ' L Y350 <
1200 | -
UJO \
F\m 1000 - l\
800 u u
600 L L L L L L 24000 N@
g
] " 20000 -
= Py
16000 —
n eff
0.7 L ! ! ! ! ! 12000 %,
"
0.6} a— 88—
~os| /
| |
0.4 ! ! ! ! ! ! 1600
./l —1200
L 4800 oF
u — 400
| | | | | | 0
0.5 1.0 15 2.0 25 3.0
x mol% CuO

a9 36. 900C / 12413k

243 0.72PZ0 47T 53-0.28PZNN

+ 1.5 mol% MnO, + x mol% CuO Alg}= =2 CuO

A7hepel WE gl o

M e dR 54

o) =
3 54

UER,

_51_
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H]E}‘lléfﬂlfﬂ TE YEve 449,

- Uchino 59 Hilo] @29 Q% Ato]=r} Zopgle] wet fd&o] HaskAN 54
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O A|z=" Bt 9 A
- Substrate, Piezo ceramic®] F7 2 Tip masse] FAE HAsS £33 Td A~
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0.070 0227 0.506 3625
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=9t7] wj & KTL
A5 ARESle ITX-H &

5ok FayE
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1) 2@ MI2t2lA ALOIZE
HE (em) M2 (em) SM (em) em®
0.75 : 1.50 0.03 0.033 75
2) & @2 MM Hm X F2F 20t
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2 0.038 8 1.149 6
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. dss X 233215K, k0.6, Qp>1000, 472 -2%<900C, Fatigue Cycle>100,000,
Young's Modulus<80GPa¢] ¢+A Alate] =A

O Zn0O%9] H7HA|S %3} Fatigue Cyclee] 342 F %
- 2250 AFE dss X g33>15K, k0.6, Qp>1000, &2 25<900C o EA4E
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a9 66. 5o ME 0.72PZ)47T53-0.28PZo NN + 1.5 mol% MnO; + 2
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I3 67. FFol WE 0.72PZ0.47T053-0.28PZosNosN + 1.5 mol% MnO, + 2
mol% CuO Ale}e} o] M7
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O F7F8 o2, IC? Institute Global Commercialization Group, Texas & & 7]&S = 13674
AF3A} 71E F HF7)€ the best 52 AA3IS. B A7E S /Mdd 719
B8 9 AGAS g doer ASE

IC? INSTITUTE — GLOBAL COMMERCIALIZATION GROUP
THE UNIVERSITY OF TEXAS AT AUSTIMN

3925 W. Braker Lane = Austin, Texas 78759-5316 = (512) 305-033] =
www, e ulfexas. edw'global

Dr. Tae-Hyun Sung, Ph.D.

Greetings Dr. Sung.

| am pleased to inform you your technology (KIAT 003 Piezoelectric Energy Harvesting) has
been selected by the University of Texas at Austin's Global Commercialization Group to receive direct
business development to commercialize your technology in the United States.

There were more than 40 technologies studied by our researchers provided and introduced to us by
KIAT. Only 5 of those technologies were selected to receive Business Development from OUR GCG team.

We look forward to working with you and Mr. Jung to provide the best opportunity to commercialize
this exciting, world-changing technology. Congratulations and warmest regards.

Alan L Schogoleff
Program Manager, KIAT
IC2 Institute-Global Commercialization Group (GCG)

The University of Texas at Austin

19 133. The Best 5 Technologies selected by IC? Institute
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Piezoelectric Harvester

Macro Power & Micro Power Generation
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1 “Innowattech Alternative Energy Harvesting System” 7]|& S99 A=.
(www.innowattech.co.il)

2) Pike Research report Energy Harvesting, Revenue, World Markets : 2010 - 2015

3) BBC research report global markets, Technologies and devices for energy harvesting, Oct,
2012. (Report code : EGY097A)

4) California Energy Commission Final project report, Jan, 2014. (http://www.genziko.com)

5) Farbod Khameneifar and Mehrdad Moallem, “A Piezoelectric Energy Harvester for Rotary
Motion Applications: Design and Experiments,” [EEE/ASME TRANSACTIONS ON
MECHATRONICS, VOL. 18, NO. 5, OCTOBER 2013

6) Daniel Song and Tae Hyun Sung, “Study on Application of Piezoelectricity to Korea Train
eXpress (KTX),” Ferroelectrics, 449, 11-23, 2013

7) Chan Ho Yang and Tae Hyun Sung, “Design of Piezoelectric Energy Harvesting System by
Magnetic Force-Controlled Resonance Frequency,” Ferroelectrics, 449, 24-32, 2013

8) Ju-hyun Yoo and Sang-ho Lee, “Piezoelectric and Dielectric Properties of Low
Temperature Sintered
Pb(Mn1/3Nb2/3)0.02(Ni1/3Nb2/3)0.12(ZrxTil-x)0.8603SystemCeramics,” trans. electr. electron.
Mater., 10, 121-124 (2009)

9) Yohachi Yamashita, “Improved Ferroelectric Properties of Niobium-Doped
Pbl(Sc1/2Nb1/2)TilO3CeramicMaterial,” Communications & Review Papers, 32, 5036-5040,
(1993)
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10) Rashed Adnan Islam and Shashank Priya, “High-Energy Density Ceramic Composition in
the System Pb(Zr,T)O3-Pbl(Zn,Ni)1/3Nb2/3]03,” J. Am. Ceram. Soc., 89, 3147 (2006)

11 S. Priya, “Criterion for Material Selection in Design of Bulk Piezoelectric Energy
Harvesters,” IEEE Trans. Ultrason. Rerroelectr. Freq. Control, 57 [12] 2610-2 (2010)

12) Guochu Deng, Qingrui Yin, Aili Ding, Xinsen Zheng, Wenxiu Cheng, and Pingsun Qiu,

“High Piezoelectric and Dielectric Properties of La-Doped
0.3Pb(Zn1/3Nb2/3)03-0.7Pb(ZrxTil-x)O3CeramicsNearMorphotropicPhaseBoundary,” J. Am.
Ceram. Soc., 88 [8] 2310-2314 (2005)

13) Ruijuan Cao, Guorong Li, Jiangtao Zeng, Suchuan Zhao, Liaoying Zheng, and Qingrui Yinz,

“The Piezoelectric and Dielectric Properties of
0.3Pb(Ni1/3Nb2/3)03-xPbTiO3-(0.7-x)PbZrO3FerroelectricCeramicsNeartheMorphotropicPhase
Boundary,” J. Am. Ceram. Soc., 93 [3] 737-741 (2010)

14) Qun Liu, Qingchi Sun, Weibing Ma, Minmin Li, Qing Xu, and Qi Zhang, *“Large-strain
0.7Pb(ZrxTil —x)03-0.1Pb(Zn1/3Nb2/3)03-0.2Pb(Ni1/3Nb2/3)O3Piezoelectricceramicsforhigh-te
mperatureapplication,” J. Eur. Ceram. Soc., 34, 1181-1189 (2014)

15) H. Tang , M.F. Zhang , S.J. Zhang , Y.J. Feng , F. Li , and T.R. Shrout, “Investigation
of Dielectric and Piezoelectric Properties in
Pb(Ni1/3Nb2/3)03-PbHfO3-PbTiO3TernarySystem,” J. Eur. Ceram. Soc., 33, 2491-2497
(2013)
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HT-01DV 55V
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JIBE/70|E MM MMAG280QT 1.8 mW 3.6V, 0.5 mA
ADXL202JQC 2.6 mW 5.25V, 0.5 mA
=48 (51) 5 mwW S5V,1mA
o, Sw-392 12 mW 12V, 1 mA
ST MM MG-303 10 mW 3v
MOTION #iA{ SIHIZX|MMEE NTOOT2 15 mW 15V, 1 mA
H7|/=E MM UVTRON(R2868) 35 mW 350 V, 0.1 mA
HFHM wcCs2702 36 mw 12V,3 mA
E{ x| MM ADM1101 55 mW 5.5V, 10 mA
Pl EaC P | iAQ-engine 225 mw 5.0 V, 45 mA
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Study on Application of Piezoelectricity to Korea

Train eXpress (KTX)

DANIEL SONG, CHAN HO YANG, SEONG KWANG HONG,
SE BIN KIM, MIN SIK WOO, AND TAE HYUN SUNG*

Departments of Electric Engineering, Hanyang University, Seoul 133-791, Korea

In this study, we have imvestigated application of piezoelectricity to actual commercially
operaling high-speed Korean frain. We recorded and analyzed the vibrations of com-
mercial Korea Train eXpress (KTX). We experimented with different cantilever beam
thicknesses (.25 mm, 0.0 mm, and 1.0 mm) and different piezoeleciric material dimen-
sions (lenglh » width = thickness, 100 mm = 100 mm = 0.5 mum, 2000 mm o= 1000 mm
= 0.5 mm, and 300 mm = 100 mm »x 0.5 mm) on real data from recorded random
[frequencies and train vibration amplitudes. The addition of tip masses on the cantilever
heam decreased the resonance frequency range when the vibrations were constant bt
ol when they were random. The oprimal condition was experimentally found, fo imvolve
decreasing the piezoelecivic substrate beam thickness and increasing the piezoelectric
sibstrate beam area rather than merely increasing the tip mass. The most effective
method (o improve the operational sensitivity was combinalion of decreasing fhe res-
onance frequency by adding tip masses, decreasing beam thicknesses, and increasing
Beam areas.

Kevwords Piezoelectricity; vibration; train

1. Introduction

High-speed trains are defined as those operating at speeds greater than 250 kms/h [1].
South Korea is the fifth country to operate high-speed trains in 2004, after France, Japan,
Germany, and Spain [2]. On April 1st. 2004, the Korea Train eXpress (KTX) was launc-hed
for commercial operations by the Korea Railroads Corporation (KORAIL) [3]. The KTX
train operates at more than 300 km/h, and hence, vibrations oceur on the KTX passenger
body from sources such as railroad structures, tunnels, and other conditions [4]. The energy
in these mechanical vibrations, which is otherwise wasted. can be effectively converted into
useful electrical energy by piezoelectric materials. Many studies have been conducted to
develop efficient piezoelectricity-based methods to obtain electrical energy by converting
ambient vibrations [5-9].

Theoretically, a piezoelectric material generates maximum ocutput power when the vi-
brations of the total mechanical system including the attached cantilever beam are at their
resonance frequency range. However, the frequency range and amplitude of the ambient
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Design of Piezoelectric Energy Harvesting System by
Magnetic Force-Controlled Resonance Frequency

CHAN HO YANG, DANIEL SONG, MIN 51K WOO,
SEONG KWANG HONG, KI HWAN BAEK,
AND TAE HYUN SUNG*

Departments of Electric Engineering, Hanyang University, Seoul 133-791, Korea

We designed a piezoeleciric energy harvesiing system ihait can be conirolled the reso-
nance freguency (o the frequency of external energy. A permanent magnet (10 mm =
10 mm = 5 mm) was affived to the free end of cantilever, and a permanen! magnet was
dffived fo each of the four faces of a rotor at W angles. The effect of the dimension
of the permanent magnets (20 mm = 20 mm = 10 mm, 30 mm = 20 mm = IO mm,
amd 40 mum x 20 mm o« 10 mm) and the effect of the pole array (NNNN, 5555, NSNS,
and NNSE) were experimentally tested. The optimum conditions were selected by testing
varied distances between the magneis al varied rpm. The experiments demonsirated thal
the maximum owipul vollage was generalted for the largest magne! and the minimim
distance. The most effective way to confrol the resonance frequency was to modify the
Ppole arrays of magreis affived 1o the rotor. Furthermore, the optimum conditions were
determined at each distance by changing the pole array and rpm. Simulation software
supports the experimental resuits.

Keywords Pieroelectric energy harvesting: magnetic force; resonance frequency

1. Introduction

Recently piezoelectric energy harvesting [1. 2] has appealed to many researchers owing
to the potentiality of converting a variety of energy such as vibration [3, 4], raindrops [3],
flowing water [6, 7], human-powered [8, 9], and wind [10] to electrical energy.

The fundamental governing equations [11] of piezoelectricity are as follows:

§ =s"T + dE i 1a)
D=dT+:"E {1b)

where 8 and T are the mechanical strain and stress, respectively; E and D are the electric
field and displacement, respectively: d is the piezoelectric strain constant; s and £ are elastic
compliance and the piezoelectric material’s permittivity constant, respectively.

In this paper, we generated electrical energy using the interaction between a permanent
magnet affixed to the free end of cantilever and an external permanent magnet, which
produces vibration [12, 13]. Equation (lbjindicates that when a larger stress is applied
to the piezoelectric material, a larger electric displacement is caused. Approximately, the
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Restoration and Reinforcement Method
for Damaged Piezoelectric Materials

SEONG KWANG HONG, MIN SIK WOO, DANIEL SONG,
CHAN HO YANG, KI HWAN BAEK, AND TAE HYUN SUNG*

Departments of Electric Engineering, Hanyang University, Seoul 133-791, Korea

This study investigated the effects of sirain and crack formation on the performance of
damaged piezoelectric materials as well as methods to restore damaged electrodes and
retnforce the prezoeleciric material. Specifically, this siudy investigated whether Ag paste
(thickness: 0.1 mm) could restore electrical contact in damaged electrodes, and whether
a coating of UV curable resin cowld provide reinforcement against crack formation.
Experiments were conducted with a piezoeleciric material on a steel cantilever substrate.
The subsirate was subjected to impact at various distances from the free end of the
piezoeleciric maierial to vary the applied strain. It was found that the output voltage
increased with the strain (distance of impact from free end) until crack formation. which
led io a large decrease in ouiput. However, Ag paste could successfully restore electrical
contact. Furthermore, before crack formation, coating with UV curable resin increased
the maximum strain, and therefore, maximum electrical ouwiput. as well as cyele life.

Keywords Piezoelectric energy harvesting: crack: damaged; reinforcement; repair;
strain control; restoration

1. Introduction

Piezoelectric materials generate mechanical stress when subjected to an electric potential

and generate an electric potential when subjected to mechanical stress. Therefore, they

are used widely in applications such as sensors, actuators and energy harvesters [1-6].

The piezoelectric charge constant d and voltage constant g are important to piezoelectric

material characteristics affecting the efficiency of piezoelectric energy harvesting from

mechanical stress [7]. Materials of large dz; > g33 values have a small dielectric loss [8-9].
The linear constitutive equations for piezoelectric effect are given by Eq. (1~2).

S=s5"T+dE (1
D=dT +c"E (2)

Where, S and T is the strain and stress of mechanical, E is the electric field strength, D 1s the
electric displacement, s is the compliance tensor, and # 1s the dielectric permittivity. These
two equations represents that electric displacement 1s proportional to the applied stress and
that strain is proportional to applied stress, respectively. Because the produced voltage is
proportional to the electric displacement, the strain of mechanical is proportional to the
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Stress Distribution Design of Additional Substrate
for Piezoelectricity

JEONG HUN KIM, SINICHI HIDAKA, DANIEL SONG, KI
HWAN BAEK. SE BIN KIM, AND TAE HYUN SUNG*

Departments of Electric Engineering, Hanyang University, Seoul 133-791, Korea

This study was conducted to analyze a relationship between deformation degree curva-
ture and output voliage of piezoeleciric system, as well as to interpret the calculated
and experimented data. Basically, the expertment was conducted by using tip masses of
10, 20, and 30 g to two different thicknesses of piezoelectric materials (015 mm and
0.2 mm). With this approach, the result showed that the lowest average 1, value had the
highest voltage, 26.12 V mis® when the vibration acceleration was 4 m/s*. On the other
hand, the lowest standard deviation of curvature ratio, p, had highest voltage, 58 98 V
when the vibration acceleration was of 40 m/s*. Overall, this study demonstrates that the
deformation degree and curvature ratio are related and proves they can be controlled.

Keywords Vibration; stress distribution; curvature ratio; additional substrate

1. Introduction

Generally, the piezoelectric effect can be used for converting mechanical energy to
electrical energy. Therefore, it 1s a useful application for energy harvesting in MEMS
devices and actuators [1-7]. However, there 1s a problem that the frictional characteristics
of ceramic piezoelectric materials could lead to cracking, breakdown under high impact,
and large deformation. The vibration type piezoelectric energy harvesting system has been
improved against damage formation in the piezoelectric material, and experiments were
held for effectively transferring power to improve output voltage generation. Unfortunately,
such influential factors affect the performance, since the output voltage of a piezoelectric
module is proportional to the degree of deformation of the piezoelectric material [8, 9].
However, the constant of proportionality is changed depending on the module design [10].
A piezoelectric module could be affected by longitudinal (ds3) or transversal (ds)) strain.
Here, we consider a module affected by transversal strain so that the d3) coefficient would
be applicable. The ornginal plate and types of other additional substrates’ shapes were
attached to the cantilever beam types in piezoelectric energy harvesting system. Therefore,
describing the relationship between the output voltage and additional substrate design for
optimizing the plates in order to distribute stress evenly across the piezoeleciric energy
harvesting are the focus of this study.
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Design of a New Piezoelectric Energy Harvester
Based on Secondary Impact

HYUN JUN JUNG, KI HWAN BAEK, SINICHI HIDAKA,
DANIEL SONG, SE BIN KIM, AND TAE HYUN SUNG*

Departments of Electric Engineering, Hanyang University, Seoul 133-791, Korea

Two models for an energy harvester imparting rotational energy to piezoelectric materi-
als are presented, in order to compare the effects of applying identical amounts of energy
to a cantilever beam by changing the total displacement per wnit time, and applying a
secondary impact. For a piezoelectric energy harvester given a high total impulse per
unit time with low total displacement per unit time, higher power owtpuis were generated
at lower resistive loads. Conversely, for a harvester given high total displacement per
unit time with low total impulse per unii fime, power output was higher at high resistive
Toads. At matched impedance, the secondary-impact-iype piezoeleciric enerpy harvester
generated higher power output than the hitting-type piezoelectric energy harvester did
at low resistive load. Optimized response of secondary-impaci-type piezoelectric energy
harvester was obiained at a frequency of 60 Hz with a low resistive load of 1 k2. The
openerated output pawer was measured as 124 mW, which corresponds to power densiiy
of 140 mWicn' for the entire cantilever beam, and a power density of 342 mWicn® for
only the piezoelectric material volume (including sliver paste volume). For a harvester
without a secondary impulse ai low resistive loads (1 kS2), the optimizing frequency
was between 20 and 30 Hz, with an output power of 22 mW, which corresponds o a
25 mWicm® power density for entire cantilever beam and pawer density of 60 mWicm®
for only the piezoelectric material volume(including sliver paste volume ).

Keywords energy harvesting; piezoelectric; secondary; impact

1. Introduction

Energy harvesting has been actively studied. using piezoelectric conversion from mechani-
cal energy to electrical energy. [1-2]. Several studies in particular have assessed shock and
impact type piezoelectric energy harvesters [3-6].

The objective of the study described here was to compare differences in the application
of total displacement per unit time and total impulse per unit time to acantilever beam in the
condition where the external energy remains the same. In this paper, two optimized energy
harvesting models imparting rotational energy to piezoelectric materials are presented. In
the first model (the “hitting type piezoelectric energy harvester™), a cantilever beam made of
a piezoelectric material is struck repeatedly using a motor-driven stick and then a cantilever
beam was vibrating freely. The second model (the “secondary impact type piezoelectric
energy harvester”) involves applying a secondary, discrete impulse using a fixed stick to
stop vibration in the beam at the point where it has returned to its initial position (1.e., at
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Study on the Strain Effect of a Piezoelectric Energy
Harvesting Module

MIN SIK WOO, SEONG KWANG HONG, HYUN JUN JUNG,
CHAN HO YANG, DANIEL SONG. AND TAE HYUN SUNG*

Department of Electric Engineering, Hanyang University, Seoul 133-791, Korea

In order to investigate the relationships among strain, frequency, and oniput power,
a novel piezoelectric energy harvesting module with controllable strain was designed.
Conventional vibration module can conirol over strain through variation in tip mass, but
it is also affected by vibration frequency. In the conirast, the designed controllable strain
module allows more accurate strain control af various frequencies through adjustment
of the displacement of the free end of the cantilever from 5 mm to 45 mm. Experimental
results proved that both types of modules exhibit an increase in epen circuit oufput
valtage with strain. But output voltage was decreased when the piezoelectric ceramic
broke at severe strain. In addition, it was confirmed that the proposed module design
can keep the sirain constant, which allows investigation info the relationship beiween
[requency and ouiput power. At constant strain, the matching impedance was found to
be low ai high frequency. Thus, as effect of strain to the piezoeleciric energy harvesting
module, the optimum conditions for harvesting maximum power are found to be high
[frequency and the largest strain do not degrade the piezoelectric plate.

Keywords Piezoelectric energy harvesting; strain effect; PZT

1. Introduction

Experts in a variety of area have interested in the investigation for new and more reusable
sources of energy. One specific part of investigation is harvesting of unused energy from
sources. Actually, there are various ranges of wasted-energy sources such as water flow,
human movement, vibrations, wind, and ocean waves. A piezoelectric energy harvesting
system can recover this unused energy effectively [1-3].

Most researches heretofore on piezoelectric energy harvesting have focused on the
vibration module that a cantilever structure of a piezoelectric module, vibrating at its
resonant frequency to harvest energy [6—10]. In previous study, distinctly, the greater is the
strain applied to the piezoelectric material, the larger are the output voltage and electric
power obtained [12, 13]. However, because of the limitations of the conventional vibration
module design, the influences of frequency on the electric power at constant strain are not
yet well comprehended.

In this study, we propose a novel module in order to control over the strain in the
piezoelectric ceramic through adjustment of the displacement of the cantilever free end.
With this proposed controllable strain module, we have studied the effects of strain on output
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Study of Charging Efficiency of a Piezoelectric
Energy Harvesting System Using Rectifier
and Array Configuration

KI HWAN BAEK, SEONG KWANG HONG, SE BIN KIM.,
JEONG HUN KIM, AND TAE HYUN SUNG*

Departments of Electric Engineering, Hanyang University, Seoul 133-791, Korea

This paper suggests the desipn in rectifier and array configuration for an impact-based
plezoelectric energy harvesting (PEH) system, 1o investigate the charging efficiency. In
the design of the rectifier, it is suggested that rectifying the signal from each piezoelectric
module separately generates more electrical energy and charges a capacitor faster than
using a single reciifier for all modules connecied in series. In the structural design,
the array was designed info two conditions: impacted simultanesusly and impacted
sequentially with a phase difference (307, 60°, 90°, 120°, 1507 and 1807 ). We show that
when impacted sequentially with a phase difference, this allows faster charging raes
of energy harvesiing. Additionally. disiribution of the torque required to fransform the
piezoelectric modules was found to be another advantage from this condition. These
results conld be used in the design of more-efficiently-charging impact-based PEH
system.

Keywords Piezoelectric energy harvesting system: multiple piezoelectric array; im-
pact; rectifier; array configuration

1. Introduction

We can harvest electrical energy from mechanical energy through the piezoelectric effect
[1]. This phenomenon has received substantial interest, to develop applications such as
piezoelectric energy harvesting (PEH) systems from ambient sources, which has the poten-
tial to solve future energy problems [2-6]. At present. most studies on PEH are concentrated
on using a single module. However, PEH systems will require an innovative increase in
the output power. which could be achieved by using an optimized array of numerous
piezoelectric modules.

Most studies on PEH systems have focused on 3 main areas: the mechanical design,
the rectifier circuits of the energy harvesting system, and the energy storage system. The
electrical energy 1s harvested from mechanical energy caused by impacts or vibrations
through the piezoelectric modules [7, 8]. The mechanical energy caused by impacts can
generate more power than vibrations, so the impact-type energy harvester was chosen as
for this paper. Additionally. circuit is an important factor in determining the efficiency
of the entire energy harvesting system. The circuit is comprised of a bridge rectifier and
capacitors. An AC voltage generated from the piezoelectric modules must be modified for
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The afieclive piazostectnic malenal area was delenmined by compading data for different langlhe of piezoeiectic malenal on a substrale plale fora
nifling-lype pezosisciic moduls. Expeimeantal resulls show thal longer plerodectric material lengihe emewmmpmpamvm
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1. Intreduction

Ambienl energy scavenging is a widely studied t1opic,
Cument studies in this field are manly focused on
approaches that use pieroelectricity, which allows mechan-
ical energy o be cmverted into electrical energy.'* The
mauin piezoelectric energy harvesting svstem uses vibmtion
type by a canti lever. " 4 study on the optimization of the
effective piezoelectric ama from vibration sources showed
that decressing the amea of the piesoelectric material from
the free end of the cantilever resulted in an optimized
piezoelectric area that was two-hinds of the substrate
Pl.ul.c:.”" Several studies were conducted in hitting type of
piezoelectric energy harvesting system based on impact for
applying ambient energy source, for example, wind energy
and water flow energy. These previous studies showed that
hitting tvpe of piesoelectric energy  harvesting  system
generates  much  higher ouput power than  wibmtion
lype.]'z ' However, the effective pieroelectric ama of a
hitting-type energy harvesting swstem  (hereafler, hitting
systemn) hos not been investigmed as wvet. Here in, the
effective piexoelectric material ares was determined by
comparmg data for different lengths of piesoelectnc material
on the substrate plate of a hitting-type piezoelectric module.
Then, the piezoelectric modules (cantilever beam) were
modeled o enhance the outpul power per unit volume in a
hitting swstem.

2. Experimental Procedure

Figure | shows a schematic diagram of the experimental
procedure. The maxdmum motor torgque was | Nmo and
maximum rotation was D100 rpm. A Tektronix DPO-3014
s [loscope amd pieroelectnc module, custom manufactured
by Hi-globe wen: used in this experiment. Table 1 sum-
marizes the material properties of the piezoelectric module,

2.1 Effect of cutput power per unit welume based on area
of piezoelectric material in hitting system
Piezoelectric material parts were placed at the fixed end of
the system to determine the optimized piesoelectric material
area for the vibration system. In a hiting system, the length
of the stainless steel substrate plate was Axed and the area of
pieroelectric material was varied. In order to investigate the
effect of varving the piezoelectric material area on the output

10MBO3-1

a9 159. SCI &=

Fig: 1. {Color online) Experimental setup: (a) D -maodor,
iy oacilloscope, (cb DC motor controller, {d) mpm sensor, () hitting stck,
and (') piesoekecnic module {made by Hi-globe).

Table . Matenal properiies for picroslectne maodules.
Piermelecinc maderial Walue
Drensity q&-’nn'_\ T4H
Elaxdic condanis 51, 57 (107" m’ /N 134 118
Piemnelecinc wllsge omdant gy, B (103 % ma N 221, —-11.1
Piemelectric charge comtms du., da { 1075 MV ) 450, —200)
Stzinles deel (515301 ) Walue
Drensity {_g,"cm'] B
Young's medubus ({GPa) 2K}
{a) A (b (cl
};j
= ﬁi‘\"’*/’ﬁ“‘ \‘\.._/_,p" \\/‘
k e =

Fig. 2. (Color online) Dimensians of pleraelecric madules. The tap of
the maule is fommed of piesoelectric material, and the upper pon of the
pezeelecine module & dainles deel (SUS-301) {maxle by Hi-glohe).

power per unit volume, three piesoelectnc modoles were
designed that had the same width and different lengths of 11,
22, and 33mm, as shown in Fig. 2.

The hitting depth betwesn the hitting stick (motor-driven
stick) and the pieroelectric module was set to 2mm and was
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Abstract To enhance the output power of pieseledric energy
harvesting systam up to the watt level, we designed a mubi-
pieroekectnic amy (MPA} snergy harvesting systemn that can
overcame the limitations of a single-pezelectnc harvesting
systams. The MPA enerry harvesting systern was desigmed
usng an impact-type harvester utilizing o hitting sick, as such
sysiems can generake higher output power than vibrabon-type
methods using a cntlever in a smple-plesoeledric energy
harvesting svstem. We investgated the offects that varous
commection and rectification methods had on the output power
of & plesndectric energy harvesting syskem consstng of four
35245202 mmt’ piezoelecric modules, We found that the
output power was highest when each module was rectified
before the modules were connecied i paralkel mnd that the
optmmal load resistnee was imvemsely proportional to the mum-
ber of modules 1if they were connected i paralkel. To obtan
watt-kvel power from the proposed MPA energy harvesting
sysiem, we designed a system consisting of 102 piemoelectric
modukes hased on the denved optimizd expenmental condi-
tions, from which we were able to obtin an output power of
L W at 1800 hpm (hits per minuie) and 500 02,

Kevwords Pigzoelectmic - Energy harvesting - mpedunce
matching - Mulb-plezoclectric amay
1 Introduction

As winsless sensors and portable electronics are n essential part
of ubiquitous emvronments, demand for thar use his mecently

LW Maoon - HL L Jung - K. H. Bsek - D, Song - 5. B, Kim -

L H. Kim - T. H. Sung (&)

Depaiment of Elecirical Engineedng, Hanyang University, 222
Wangammni-ro, Senelong-gu, Seceul 133-791, Republic of Konea
erea |: aung th hem yang skt
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begun i increse rapidly. Such devics requine independent
power sources, and although battenes are typically used to
serve this purpose, thar use has drowhacks that include shon
lifetimes, perodic replacement costs, and envronmental polhu-
tion upon dsposal. Enenry hurvesting from vibmbon, which
can be accomplished using a mumber of technologies tha
inchide piezndectric [ 1-5], dearomagnetc [6, 7], and electmo-
static [8, U] methods, has recently emerped s m aliemative
mieans of overcoming battery-related draowbacks,

Although piesnelednc hrvesting producess the highest ener-
gy density among the methods listed above [10, 11], pieselactnc
systems have not receved as much attention & other harvesting
methods because, until o fow years ago, the power scale of
piezoslectric systems was only in the microwatt range.
Although plesoekeane svstems have recently atamed the milh-
wtt scale, this still mmans nsufficient to save & moindepen-
dent power source for slearmmic devices [12] One way of
overcoming the shortfall of individual devices 15 to use systems
consisting of multiple piesoslecnc modules. By optmmizing a
multiple-module piesoeledric energy harvesting svsem, or
mult-pieroslactric armry (MPA), 1tis possible to genemte power
at the watt scale, Instead of a vibration-type system, we designed
m impactype MPA enenzy havvesting sysem i which the
modules are struck by mottmg sticks on a motor axis, @ this
configuration can genemie mone output power thin can a typical
vibmtion-type system [ 13-18].

The purpose of this shady & to find optimal design ofthe MPA
gy harvestmg system that can genemie watt level power
using natural energy, such as water ow and wnd. This optirmal
design would enable to mimmize the loss of combinad outpat
power comparad o the stmple sum of sach pleselecmic module.

For this study, we dsignad a prespelectric energy harvest-
ing systemn consisting of four pierodectric modules and de-
rved its optimal design conditions. Impedance matching
method was used only the resistve impedance matching,
because the conjugate matching in piezoelectric energy

=% SHAR 912

- 156 -



Japanese Joumal of Appliad Physics 53, 08NBO03 (2014) REGULAR PAPER

gt doi org 10,7 SETALIAP 53,0 BNB 03
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The purpose of This siudy ks 1o design a pieroelec e enesyy harvesiern PEH) thal nal only resists damage bul also generales a highsr power when
rpact is applied. To increase the genesmied power and durabilly a PEH, in fis study, we invesligaied a new model and camied oul numerical
simulations of and experiments on e PEH. The numerical simutation resuils show that the siress distribation of the propos ed PEH is mare unifonm|
than that of a conveniona mpact-iype PEH. Thus, he propossed PEH decreases s possibility of being damaged. Experimental resulls for power
under a matched Enpedance condlion show hal e madmum RMS powers of e convenBonal mpact-4ype and proposed PEHs wes 0589mW a
16KD and 397 W at 7D, respectvely. Fusthermone, e peai poswer of e proposed PEH was S18mW, which was 3,047% higher than mal of

the conventional knpact-type PEH having a peak power of 17 mW. (© 2014 The Japan Sodely of Appled Physics

1.  Introduction

Selfpeneration systems have rscently received considerable
attention owing to the development of mobile devices and
low-power sensor technology.'™ The piezoeleciric energy
harvester (PEH), a type of selfgeneration system, has also
attracted attention.” ™ The PEH may be classified to be of
the vibration or impact type." The vibration-type PEH has
been extensively studied, but s genemted power s very
low. In contrast, the impact-type PEH hus higher genemted
power than the vibration4ype PEH, ™ and a new impact-
type design (sscondary impact) was proposed for optimizing
the model for maximum power generation. ™' However, it is
easily damaged owmg to the brittleness of the piesoelectnc
when impact is applied to the PEH.®* ) Accordingly, there is
a limit to the improvement in power generation. The pumpose
of this study is to design a PEH that not only resists damage
but also genemtes a higher power when impact is applied to
the PEH. To increase the power peneration and dumbility of
the PEH, m this study, we proposed a new model and carried
out mumerical simulations of and experiments on the PEH.

2. Design and numerical simulation

21 Design

We designed o PEH that s more durable than the conven-
tional impact-tvpe PEH, as shown m Fig. 1{a). In order to
reduce damage to the piezoelectric material of the pro-
posed PEH, a deformation-limiting device was designed
Figure i(b) shows the deformation-limiting device of the
proposed PEH system. The deformation limiting device was
designed to be placed closer to the free end of the harvvester
than to the end of the piesoelectnc material in order to limit
displacement to the piesoelectric material of the proposed
PEH.

In addition, secondary impact was apphed to achieve
higher power genemtion than that achisved with a comven-
tional impact-tvpe PEH, & shown in Fig. lc). In a previous
study, a secondary-impact type harvester with a higher total
impulse per unit time and a lower total displacement per umt
time penerted higher power outputs than a conventional
impact-type PEH at low resistive loads. On the other hand, a
conventional impact-type PEH with a higher total displace-
ment per unit time and a lower total impulse per unit time

0aNBO31

Dreformation-limiting device

Equipment for secondary impast

J

Fig. 1. {Color online) Schematic disgrams of (2) comventional impec-
type PEH, () proposad PEH with a deformeton lombng devics, and
{c) proposed PEH with a delormmsbon hmating device and secondary
mpacier.

generated higher power outputs than a secondary-impact-type
harvester at high resistive loads. However, under a matched-
impedance condition, the secondarv-impactdype harvester
penerated a higher power than a conventional mpact-type
PEH.Z

2.2 Mumerncal simulation

In this section, mumerical simulations are performed in onder
to determine the behavior of a conventional mmpact-type
PEH and the proposed PEH under impact loadmg. A lmear
constitutive  relation  including  the  mechanical-electrical

) 2014 The Japan Socisty of Applied Physics
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AT 1 s Topiri

and ic properties of (0.72Pb
(Zty  Ti,)-0.28PD(Zng Nig )i sNb1sOs  (PZy_,T,-PZNN)
ceramics with 0.50 = x < (.55 were investipated for evaluating
the possibility of their use in mulﬂhyer actuators and energy
harvesters, which d d a large piezoelectric strain
(ds3) and a small dielectric constant (£753/g,). The PZo 4T ss
PZNN ic with a morphotropi ]plla.se dary (MPB)
composition showed large dys and £ 33/g, valoes, making it
itable for use in multilayer actuators and energy harvest-
ers. However, the PZg 4Ty s-PZNN ceramic with a rhombo-
hedral structure showed a small £'5/s, value of 1605, yet
maintained a large ds; of 550 pC/N. Thermal stimulation did
not have any significant effect on the piezoeleciric properties of
this specimen, except for a slight increase in the £'y3/e, value
upon heating the specimen at 150°C for 4 h. In an effort to
reduce the sintering temperature, CuO was used as an additive
for the ceramic. As a result, the CoO-added PZggeTys:-
PZNN ceramic was well sintered at 900°C. In particular, the
LO mol% CoO-added PZ 45T 5:-PZNN ceramic exhibited a
large dy; value of 554 pC/N and a small 7 55/¢, value of 1620,
making it highly suitable for use in multilayer actuators and
energy harvesters.

1. Introduction

N the last few decades, piezoelectric actuators have

become key components in various applications such as
positioners, motors and vibration suppressors.’ Piezoelectric
ceramics used in multilayer actuators are generally expected
to have a large piezoelectric strain constant (d3) for a large
displacement, and a small dielectric constant (g:,/e,) for a
small driving voltage of the device. In addition, piezoelectric
ceramics with low sintering temperatures (< 960°C) are often
preferred, as the meltmg temperatire of Ag electrode used in
the multilayer device is 961°C.

Piezoelectric energy harvesters, which convert the wasted
energy from mechanical vibrations into wusable electrical
energy, have been extensively investigated for use as power
sonrces in wireless devices and various sensors.” ' Piezoelec-
tric ceramics used in such devices should be capable of
generating a considerable amount of electrical energy even

G. Brenmecks—contributing editor
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for a small mput vibration. TI1.e elmncal energy density (u)
produced by p 1 lly expressed by
the following equation: u = {I-")(d,,xg,)tH{) 1 where dyj is
the piezoelectric strain constant; gy is the piezoelectric volt-
age constant; Fis the applied force; and A is the area of the
specimen. According to the above-mentioned equation, pie-
zoelectric ceramics should have a high transduction coeffi-
cient (dj x g;) for use as successful piezoelectric energy
harvesters. Furthermore, the piezoelectric voltage constant is
given by g = dy/{ey/e.), implying that plezoelecmc ceramics
are required to have a large d; but small /e, values to pro-
duce a large energy density. Furthermore, the dielectric loss
{tan &) should also be considered when evaluating the suit-
ability of piezoelectric ceramics for use as energy harvesters
because the performance of an energy harvester i is, aﬁ'ectcd by
the electrical damping of piezoelectric ceramics.' There-
fore, the figure-of-merit in the off-resonance (FOM,z) condi-
tion of piezoelectric ceramlcs for energy harvesters has been
proposed as follows:™

tric

dy &
FoMy = o tanﬁ

Typically, piezoelectric energy harvesters generate large
voltage and small current, while standard electronic circuits
require high current at low voltage.'® The voltage capacity of
a normal battery is about 3.0 V. In other words, a volta; ¢
larger than 3.0 V is not necessary to recharge a battery."”
Therefore, it is lughly desirable to reduce the output voltage
but simultaneously increase the output current of a piezoelec-
tric energy harvester. To this end, multilayer piezoelectric
energy harvesters have been reported to be a feasible option
for reducing the output voltage while increasing the output
current.'

Table I shows the dis, £ 35/€0, kp, daaxgas values and the
sintering temperature of piezoelectric ceramics reported for
use in actuators and energy harvesters. While the ds; value
for most of the ceramics is large, the £753/g, value is also
large and this results in small ds x gis values. Moreover,
since the sintering temperature of ceramics showing a large
dy1 value is high, they are not suitable for use in multilayver
devices. Therefore, it is required to develop piezoelectric
ceramics that have a large dy; valie but a small &7, /g, value
with a low sintering temperature for enabling the use of these
ceramics in multilayer actuators and energy harvesters.

In this study, we have analyzed the structural and
piezoelectric  properties of novel 0.72PWZr,_.Ti.)-0.28Pb
(Z0g.4Nig g)13Nb2303  (PZy_ T,-PZNN)  ceramics  with

FHAE (11/12)
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Abstract

A homogeneous KNbO; (KN) phase was formed in specimens that were sintered at 1020 °C and 1040 °C, without formation of the K,O-deficient
secondary phase, indicating that the amount of evaporation of K, O during sintering was very small. However, the KN liguid phase was formed
during sintering and assisted the densification of the KN ceramics. A dense microstructure was developed in the specimen sintered at 1020°C for
6h and abnormal grain growth occurred in this specimen. A similar microstructure was observed in the specimens sintered at 1040°C for 1.0h
The dielectric and piezoelectric properties of the KN ceramics were considerably influenced by the relative density. The KN ceramics sintered at
1020°C for 6h, which showed a large relative density that was 95% of the theoretical density, exhibited promising electrical properties: 75,/¢, of

540, dxs of 109 pCIN, kg of (.29, and @, of 197,
© 2014 Elsevier Ltd. All rights reserved.

Keywords: KNbOs; Lead-free piezoelectric ceramics; Liquid phase sintering

1. Introduction

Piezoelectric devices such as sensors, ultrasonic motors,
transformers, and actuators have received considerable atten-
tion because of their wide range of applications. '~
Lead-zirconate-titanate (Pb(Zr,T)O3 or PZT)-based ceramics
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hittp:/hdx doiorg/10. 10166 jenrcermsoc. 2014.06,028
0955-2219/@ 2014 Elsevier Ltd. All rights reserved.

have been used for these devices because of their outstanding
piezoelectric properties.” However, PZT-based ceramics contain
more than 60 wt% of PbO, which causes serious environmental
problems. Therefore, since the beginning of this century, there
has been an increasing number of investigations on lead-free
piezoelectric ceramics such as BaTiOj3, (BijaNay2)TiOs, and
(Nag 5Ky s)NbO3 (NKN). 9 In particular, NKN-based ceramics
have attracted much interest because of their high piezoelec-
tric properties and high Curie temperature (7.).”* However,
NEKN ceramics decompose easily in water, and NazO (or K;0)
evaporates during sintering at high temperatures (>1000°C)."
Therefore, it is very difficult to obtain dense NKN ceramics with
homogeneous composition and reliable piezoelectric properties.
In order to overcome this problem and improve the piezoelectric
properties, many investigations have been conducted on NKN-
based solid solutions.” ' In particular (1 — x)NKN — xLi(Nb,
Ta, 5b) solid solutions have been studied extensively because

Please cite this artcle n press as: Kim D-H, et al. Influence of sintering conditions o piezoelectric properties of KNbO, ceranmics. J Eur Ceram

oc (2014), htp://d. ok org/10. 1016/ feurceramsoe 2014.06.028
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