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SUMMARY

I. Title
Energy harvesting and monitoring using bridge bearing with built-in piezoelectric

material

II. Summary of R&D

A multi-functional bridge bearing can be achieved through the application of a
piezoelectric element, of which durability and power—generating efficiency have been
improved, to conventional bridge bearing without modifying the design of the
bearing.

Apart from its original purpose, the developed bridge bearing can be exploited
additionally (1) for real-time monitoring of overloaded vehicles by means of its load
measuring function; (2) for the generation of electric power by means of energy
harvesting function using traffic load.

This new bearing will help to enhance the maintenance and monitoring of the
bridge structure in compliance with the Green Energy Development Policy of the

Korean Government.

Ill. Contents and result of R&D

(1) Design and manufacture of piezocomposite energy-generating element(PCGE)

(2) Durability test of ds3 mode PCGE

(3) Measurement test of the output voltage of PCGE with respect to applied live
load

(4) Design of energy storage circuit for PCGE

(5) Survey of state-of-the-art of BWIM and investigation of the applicability of the
proposed bearing as BWIM System

IV. Achievements of R&D

- Switch System Design

— Circuit simulation using PCGE

- Fabrication and performance test of Multi-Functional Bridge Bearing with Built-in
Piezocomposite Element

- performance test and Durability test of PCGE

- Evaluation of BWIM System



V. Results of R&D

— Theoretical and experimental verification of the feasibility of load measurement
and energy harvesting efficiency of the bridge bearing with built-in PCGE

— Feasibility of a new BWIM System using the bridge bearing with built-in PCGE
- Feasibility of the exploitability of the energy generated by the bridge bearing
with built-in PCGE using appropriately designed energy storage circuit

- Feasibility of the exploitation of traffic load as new energy source

VI. Prospects for the application of R&D outcomes

— Advertising of the new bridge bearing to related organizations (Korea
Expressway Corporation, local authorities) and support of central government for
future applications in the framework of the Green Energy Development Policy.

— Future connection with Structural Health Monitoring Systems of bridge structures
— Attractive product to replace degraded bridge bearings

— Supply of electric power to safety-related devices (lighting, CCTV, etc.) in

remote areas



CONTENTS

Chapter 1 Il’ltI'OdllCtiOl’l ............................................................................................... 1
11 Summary Of R&D ......................................................................................... 1
12 Necessity Of R&D ......................................................................................... 2

Chapter 2 Contents and results Of R&D .............................................................. 9
21 Design and Manufacture Of PCGE ........................................................... 10
22 Durability test Of d33 mode PCGE ............................................................ 25
23 Loading test Of PCGE .................................................................................. 37
24 Energy Storage Circuit ................................................................................ 90
25 Evaluation Of BWIM System ................................................................... 102
26 COHC]USiOl’IS .................................................................................................. 132

Chapter 3 Contents and result Of R&D ............................................................ 133

Chapter 4 Results Of R&D ................................................................................... 136

Chapter 5 Prospects fOI‘ the application Of R&D ........................................... 138

Reference R T T PP PP P PP PP PP PP POPREP 1 40

AppendiX ................................................................................................................... 143



x-"lXo]— 03.?-7HHE1—3L].ZHQJ 7H-8- ........................................................................................ 1
]{]17(4 O:]_'_EL7HH1— 7H_](3_ .............................................................................................. 1
A2 A TFETNHEE S5 QAL rreerre e 2

A2A ATANDEGEE & T Z T oo 9
Xﬂlxpj %L;ﬂ_gzgxﬂg‘ w4 A 2} o] ﬁﬁ] =1 xﬂxL ............................................ 10
;q]zx‘ji dyp = CQ‘Zﬂ ET@'X =1 ix}_/] 1H:[L/\J }\] d ..................................... 25
A3A PCGE st=A3hE 2FA A =3 A& v 37
A4 LA AT B] B crererrereerereneei 90
A5 BWIM SyStErm 73 S5 «eeeeeeeeeseesesestututitititititiiiiititititititititititisisisis e 102
BT B e 132

;q]gx} Af A Ay 2 xq_g_/kel e 133

A4 AT-E T GEA] E F T e 136
A1 ATET T U i s 136
A28 ATFINEE E T O] TFAJ I et 137

xﬂ5?g- Od—_r’- /\éjﬂrgq ﬁal-%_ 13_1 %7}%? i‘é&/\g .................................................... 138
AT AT AT G HFOF o 138
A2A ZT AT T QA e s 139

F T B G eree e 140

B e L 143



e < = = = I I I = I = = I I I < B B = = = = I = S - I = < =< I = I = S N = S = S = S = SO = <= A=< I~

11 A= W 5 L AR Z7} 30] [TES G, 2007] -rrererrrerrrreesserssnsessessisissisisies 4
2.1.1 U3 CTS AL 3203HDE] T AJ K] erererrerersmseresteeestse 11
212 tA-Ba Qg B A2 TATFE AT BAIX] e 16
213 PZTZ9 HI FE LB s 16
214 78 A AT 9 8 AUAAT AlAE I e 17
D15 ALB] 7] e 19
21.6 O] A AIAF ZTFOF A1 E] Z T} rerreerrerreneei e 29
217 SR QII} T TF @ B coeerrerrerertr e 23
221 BEH 5 B A|ZREIG] Bl S 27
2292 ADAMS 3]]}_\4 —Z‘—Zﬂ ..................................................................................................................... 29
223 FE F5 B AJZEIG] A s 33
231 o HFAAR] AFSE (NI CDAQ-OITE) wererererererersrsssststnisiititeteteietette 43
232 HIOJE A AFX] AFOE (INI-O225) weeeresersessssessmemsmmsusiiiasitisiisisisiss st 43
2.3.3 GO E R AR AFSE (NI-0237) wrerererererrsrsmmmmmnininiiiiiii s 43
234 SB-500L (Load cell) /\]_ool: ......................................................................................................... 44
2.35 SMN-200 (Load cell) AFGE ettt 45
036 ZZAGFZE AL T Z 7] L revereerreeeee et et 48
237 FB-50K (_?__ﬁ% 74] o] x]) /\}o(;t ................................................................................................. 52
238 ﬁEH]—;‘d D/\}Nz‘ﬂ E.i ............................................................................................................. 55
239 E;H UTM /\]_o]: u] ................................................................................................................. 64
2310 AAYX HA AF AT s 66
2311 2 UTMS 0] 83 QA1 3] A B] v 71
2312 T4 UTMS 0] 83 QFZ 238 AlE (2 LA IE) v 77
2.3.13 Fam oM 7]E PCGES 714 PCGE?] 41‘41%_“3 FAGE H L v 82
2314 ABABANA ] 7% PCGESF A PCGES] HhuA AE ]G oo 82
2.4.1 PCGE-F-0.25, 2 B A & FJ| e 92
2.4.2 PCGE-F—0.25, 54313 ettt 03
2.4.3 PCGE-F-1.00, A1 E-A] T R eereereeressessesssssssessesstiset st 03
244 PCGE-F-1.00, 252313 orrereeresstsemesstsetet st e 93
2.45 PCGE-F-0.25 (72 X 24), Z T 37J] srerererrerrerssesssssiesiisisi s 94
2.4.6 PCGE-F-0.25 (72 X 24), B Z 37]] ettt 95
247 A ZelA o] &Zka} A 7bol] B S8 A QA Z T e 08
251 A EF(WETF AR AT A Z2E]) crrrre 103
25.2 z;sjw\ésé D]‘_-T,/:_Eg] %Aé;‘(] ........................................................................................................... 108
253 T H Tl O] g1 -G Rl o g cererrrntente st 109
254 1% 22 60 km/h Peak Data et 113
255 1% 22 80 km/h Peak Data -« wwswrrererererereserestntsieietettete 113
256 2% 7<]— 1 60 KmM/h Peak Data weeeeeereeeeeeemeesseesieeete 115
257 2= j].ao]: 0 km/h Peak Datg «weeeeerrerrerreeeeeemmi 115



BOH O OR oK OB M

258 3_%_ ;‘(]_%]: 60 km/h Pealk Data soeoerreereerrereerererrereerettiitii ittt 117

259 3% ;2]_30]: 80 Km/h Peak Data «we-rweereressrreserrrmmnrrnitiiin s 117
2510 3= ;z]_%‘t(jﬂr;gl 502) 60 km/h Peak Datg weeeeeeeeerrremremmmmnimiiii 119
2511 3% Z2H(IA 50%) 80 km/h Peak Data «wererrrererermmsesmmiinicesss s 119
2512 W Al TR E H FET] i 121
2513 4F 22 9 km/h Peak Data -« wwwewereererererererereststntstt 129
2514 4F 22 18 km/h Peak Data e 129
2515 4% 22 54 km/h Peak Data -« eweerereresesereressnet 130

_iv_



— N M 0 0 O O -

o

=
=

H 11 uwF el A PZT

A

=3

s &
H

a9 1.3 Ao AAAY YA H

% 14 AA wwF A

9

[+ E

] /g‘]%ﬁo}- (1968_1995) [EEO‘_:]_’ 1993]

16 A& uyg F3ded

AR S (1969-2001) [E 2 ZAFRFE ] -wrerereerererereresenees

vk =]
= =

o

] Ax33F (1931-2002) [A] A ZEE R E]errrerememesenin,

2
=

)

NR

—
—

)

a8 211 dy = 93 oA
29 212 |y SEHe A7l w

(]
—

(&N
—

<t
—

2
=

L0
—

o0
—

ool

216

o0
—

i
2
i

[@p]
—

%’ J—_yl?_ 31 PCGEQ] HH;?]E

gl

(=]
N

—
(&N

N
AN

@]
(O]

A
[aN}

2

Lo
N

©
[a\}

28 222 RE T g8 Ao 7]t

a8 223 ADAMS™

o~
[\

EY E dy A

s

A5

KeN
=

o0
[aN}

2% 224 ADAMS™O| 2] ©] 7] ] 21 O] JL2 weererrrrrrrerrrntnininisisisisss s

0
(AN

(o]
N

gl

&

Z}
2l

19 2.2.6 PCGEel

oy 227 4

S
o

—
(98]

a9 228 WA A

N
(98]

=]

b5 A w7y

N
9p]

N
m

of A}
o] 0.76 MPa¥ u PCGE-F¢

e A Az

J|

a9 2.2.11

™
(98]

=
=]

o
[e)

7
7

a9 2212 F
a9 2213 &

<t
o

7‘(1?:1]—

°] 0.76 MPal @ PCGE-F¢| %9

==
=

©
o

<t
o

&

2214 =9 4dE A< 9
11:'/]1:[ 2215 PCGE—FQ %2_31 Q- terer e

2
=

Lo
9p)

Lo
o

O
o

=
R

9 2217 7H 3] el w



M

M
iV LA o P A P o P P S P S S A A A S A A A A O O N R O R R O o PR R

= A S AT Al 2B T W I e 38
232 ZABFZAI T A] A B et 39
233 ZZANAN TG PCGE-T AT terrereeeeteteee 39
234 Sampling frequency OO KHZ vevereeererereeermmertitiiiiii s 40
235 Sampling frequency F() I Z e eveverererennnererummmmmtiiiiiiiiiisiii sttt st etiiserans 41
236 Sampling frequency DE K Z weveeerereeeremmmmmme i e s 41
237 Sampling frequency TO KHZ eerereesserernnssernmmmsirtii i 42
238 HOlEH TR AX] (NI HE T H 5 )it 49
239 2= A /q]/ﬂ ..................................................................................................................... 44
2.3.10 A=A 178 (Mass 197 g) ............................................................................................ 45
2311 ;‘4_:‘%1: ] 27H (395 g) ....................................................................................................... 46
2312 =24 3}?” B Z] T e 46
2313 F T Al A T T T reeeent e 47
2314 2E AT} R TT BLE i b s 47
2315 2= A A2 9 PCGEYF THTF EZh i 48
2.3.16 Mass 171 (197 g), 2% A% 50, h 90 cmoll Al At Time history eeweseeseesenes 49
2.3.17 Mass 170 (197 g), 1% A% 70, h 90 cmol A A SF Time history e sseseesseses: 49
2.3.18 Mass 271 (395 g), 2% A% 50, h 90 cmoll Al A%t Time history e 50
2.3.19 Mass 278 (395 g), % A% 70, h 90 cmoll Al A Time history weeewereeerereeses 50
2.3.20 Mass 17} (197 g) TLEAE BFZ- A TA e 51
2.3.21 Mass 271 (395 g) LF-ZH % 50, 700014 BF5 - QE A -oveemeremiemienennniiins 51
92322 FB-50K, IMADA (FEZ]ZE A O] K] )wrrerrerreerssseesssmesssssesssesessesassssssssssssssssssssssssss s 52
2323 FEHUFE T AFAL S ZoH] TP covevererememememeieieieieieii e 53
2324 EEHEZ] T RLA]S] citiiiiiiiiii 54
2325 R-2, T 25 N-m Mass 171195 @)Q] BFA A QF rerereeuemeieinieieiieie, 56
2326 R-2, T 25 N +m Mass 271(390 @)©] BFAY A QF ovreerememeieinieieiieieieie, 56
2327 R-u T 25 N -m Mass 170(195 g)©] HFAPZ QF reverrerrereenenineniniscnisccicncnenene 57
2328 R-o0 Torque 25 N - m Mass 17H(195 g)g] Eal/‘g?_oa]' ............................................... 57
2.3.29 R-2 Mass 170195 g) H3}50] S 90 cmEm JLT seeeeeeseesresmemmsniniiniiiieiininicninens 58
2.3.30 R-no Torque 2.5 N - m Mass 17](195 g)©] F QFereemerememmmnmnnnniiiiiin 58
2.3.31 TLEF HERIO] L A] ceerettttritttt s 60
2332 XEWR O A x| AL (A AFQ P HE) e 61
2.3.33 FEHFE] TITH cootiiii e 62
2334 PSC O] 28 PZTILEE HEE] coorriieeiiiitie e 63
2335 FEMH O ZI A BT B ettt 63
2.3.36 PCGE-TF A T +eeerteeenteaiiie 63
2337 24 UTMS 0] &8 L EWE QFZ A3 ] J weereereerresemesnessmsinis s 64
2.3.38 HEZ] U] EL FTELTE B A eeeee ettt 65
2339 Wz Wire] wRT(F) e} A ol A ZFEF TLILTH(G) e 65
2340 ZERE Y E O] PCGEQ] Q] A --vvvvvmrmrmrmnmnmnmmmnnnnnnnniiiiiiiiiiiiiiiiiiiiiiiiii e 66



S T T e S e O e T v e e G S e
N O O O P o P o U PN o N AN S N O M D M P o AP o\ o U N N N S R o D M P U PR o U P o A R o AR Y

9341 1EZ vo] A 0.0 mm 0] X PCGE HFA] A QF erreresesississsiesssissisanns 67
2342 1 F 3 vldo] A 24 mm =0l YT PCGE AT A QF erererererererinin 67
2343 TFI vieto] A 3.6 mm =0]o] Y X3 PCGE A A QF ceevverrimmeniniiiiiiiiiiens 68
2344 1F3 vldo] A 6.0 mm =0l Y X PCGE AT A QF ceeererererererrri. 68
2345 ZE®ZE o PCGE Aol wE AL F TGl 69
2346 EZEHZ O] PCGE AF Q] crerererererererertiiiii e 70
2347 1AEZE 0 kNolA 718 W5 o] wE Load-Voltage THA] «eeeeeeeermememeninienens 79
2.348 317 3t% 100 kNell Al 7+ xE 5ol mE Load-Voltage FHA] rwereeesemrsesesseenens 73
2349 1178st% 200 kNl A 71 zlE o] mE Load-Voltage THA] «vweeeerrersereeeneneneeee 74
2.350 1243550 KN 1Hz Load—Voltage FHA] coeeeereeeereiriiii, 75
2351 AEATA(F)L} AT (F-)Q 7] B] DL cerrerreererremmrertreteeniiiiiieeen 76
2.3.52 1435 100 kNoll A 7F &S0 whE Load-Voltage THA] --weeeeeemerememeens 78
2353 78 stE 200 kNl A 74 g o] & Load-Voltage THA] «eweeeerarereeeeneneninees 78
2354 114 3t% 100 kNl A 7Fe X E o] e Load-Voltage FEA] e 79
2355 114 3tF 200 kNl A 7Fe X E o whE Load-Voltage FEA] e 79
2356 11783t 100 kNl A 71 zlE o] mE Load-Voltage THA] «wweeeerrerssreeenenenenees 30
2357 1178 3t% 200 kNl A 74 g o] & Load-Voltage THA] «eeeerrareremeeeneneninees 30
2358 1178 st%E 100 kNell A 74 g o] & Load-Voltage THA] «weeeeerarsreseeneneninees 81
2359 114 3tF 200 kNl A 7Fe X E o wE Load-Voltage FEA] e 81
2360 R-2, T 25 N+-m Mass 195 ¢ & Mass 390 g2 HHAI A G reeernniinnniiiiiinninn, ]3
2361 R-u & R-0, T 25 N+ m Mass 195 g& FAJH G eererrrrmrenenmminninininiinisiinsnes 84
2362 11452 0 MPadllA 718 W E4=o] w2 Load-Voltage TH7| -weeermeememeeninnnnn. 35
2363 A& 5659 MPadll Al 718 ZE el whE Load-Voltage THA e 85
2364 1783 11318 MPadllA 71& 5o W& Load-Voltage FHA] -weeeeeeeeeseeees: 86
2.3.65 148 5659 MPaol 4] 7Fe x5 & Load-Voltage FTHA e 87
2366 174-¢= 11.318 MPadllA 718 5o wE Load-Voltage FHA] -wereeereeeeseeens: 87
2.3.67 11-&% 5659 MPacllA 7t¥ sl mE Load-Voltage THA] woererererererereseeees 88
2368 117432 11.318 MPaoll A 718 &5l wE Load-Voltage THA] -eemeereeeieneneen: 88
2.4.1 Piezoelectric HFAIA] 22 B ot 90
24.2 PZTE A 7] O] BTttt 91
4.3 TFHL A FFHF 28 e 92
D44 ZVBD TEZE B B cverreereeit e 95
245 l:g\?éﬂ_ ;L}_ 3‘;‘/]; ................................................................................................................ 95
D46 1 7] FLEL B weeeeeeeeetstet et 96
247 PCGE-F-0.25, 2253, 3} 10 kQ AlE TF& o, %
2.4.8 PCGE-F-1.00, A3 HF3} 10 kQ Al q T3 oo 97
249 AFNZAAE AFL3E o LX) A S 23 HJF ] Teeerereerreiieiiii 97
9410 AZ) NI A] AT O BT B B corerrmemeresrmimnnsssnsise s 99
DALL A O] B] B cvververnrerreintiti e 100
2412 A7 A AT T A E A O] A I reerrerremesimii i 100
251 W W] AFTE o] L3F ZFoF A1 A] 2 E] e 102



H R R
R LA o N A U N O Mo D N o S O P N o P o U P o AN o U A O N D M S R P M P o R o P o

252 1A3E 200 kKN 7FE 7] 05 Hzol| A Q] FA AL s 105
253 1A3E 200 KN 7FEF7] 1.0 Hzoll A Q] FoAl Al coeeremereneeniniincii 105
254 TASE 200 kKN 7FEF7] 3.0 Hzol A 2] Z=A A coeeeeeeeiemieiiiiiiie 105
255 FFAI T ZJT] THTH cereeii 108
256 T HA d=F A S EFIE (TTFQ] 1 ) eeeeveeeeereneeenresnne ettt 108
5.7 ZFBFO]I T BT A] ZEE G cereeeereeetiiit it 109
258 TR ZF Wb oA W= S G AT A TH(20 K/ h) ceeeeeeeeeeeeseneseneesnnisseniisiisins 110
250 Ta ZF b o A] B E1E B AL A TH(AQ Krm/h) et 110
2510 TR ZF SR A W= 312 A A TG0 Kmy/h) eereeeereeeeeeresserseseersmnsseneenennnns 110
2511 TR zF WA A] = B2 S A 2 T80 K/ -eeeersrereseeresessmsessssssesassissssesanas 111
2512 1% 22 60 km/hY ] HER ol A HFB] o 112
2513 1% 22 80 km/hY w]l HER o Al HFB] o 112
2514 2% 22 60 km/hQ W] B O] A HEE] i 114
2515 2% 22 80 km/h w] HER o A HFZ] o 114
2516 3% 22 60 km/h w] WO A] HEB e 116
2517 3% 22F 80 km/h ] HFH O Al HEE] ceveriiiiiii 116
2518 3% A% 60 km/h o] BFE o] A HEEI (T} A 500G) eeererrrerermseinrnammeiiniinniiiiiiaiiians 118
2519 3% A7 80 km/h W] HFE o] A HEEI (T} A 500G) weerervrereressnrsanssiiniinaiiiiiiiaiiianns 118
2520 G338 A HEl (ZFTFA] DL EF) crrrerrrrerrreeee e 120
2521 ZFTHA] DL EF LT T vreetee ettt e s 122
2522 ZFTEA] DL T R o vrereeeeerenetttttette st 122
D523 ZFBFO] S GFTE Q] Q] | +ervvrrreeesnnrneenitti e 123
25.24 casel ZF ®rH oA W= Z A A TH(20 Km/h) -oeeeeeeeeememmmeseeiensii 124
25.25 casel ZF WO A W= Sh AT A TH(40 km/h) crererererererererererereeneeeee 124
2526 casel ZF W o)A W= 3k S A A TGO K /h) eeereeeeeererereerereemenensseneisrsrenenenen. 125
25.27 casel Z+ WA oA HE= FF=E AT A T(80 Km/h) eereeeeererreeeeersememeneeeieesinniinieeeeen 125
25.28 case2 Z+ WA A HEE= FFE AT A T(20 Rm/h) eereeeereereereersemmeneeereenie 126
2529 case? ZF W o)A W= 3} A A TH(AQ K R) eeerereererereereeeeeeeneneene 126
2530 case2 ZF W oA W= FFE S A A TGO K /h) eeeeeeeererereerereerenensssenetnrsnenenenene 126
2531 case2 ZF WRlo A W= 51 A1 A T80 Km/h) eeeeereeerereresernreemsiiniiiiiiiiiiniiian, 127
2532 4% AZF 9 km/h ¥ ] HERH O] A] HEB cereierieiie 128
2533 4% A 18 km/h < o] B O] A BT vt 198
25.34 4% 2% 54 km/h € U O Al HEE ceeieeiiee 129

~ viii -



M1z A1

ol 4#] &~ " (Energy

s

=

B

Harvesting)< At %2 Az A AA

)
—~

=y

|

—_
fite)

olo

o
Ho

1

£2 wirhe] 3

3L
&>

xx]’

d

e AEa AW <], 2007]. 22+

OO]:

el

)

—_
fite)

.ZTI

K

B ~
ey [y
7 ajo
- o
~ ™
- gl
B
-
o
0
B
e >
poox
X
i)
U
2 3
ﬂmo ox
5 O
i X
fils) ‘I%I
o
gy oy
o mw
T °
™ >
T L
= W
jod
7 ~
~
OO
-
= .
< T
o -
el =
XA )
™ ~
o 8¢
o
ol
®o X °

JJo
B!

1o

Lol
Gl

—

) _AD
Gt

o
E
o
olo

X

i

Ao WA

B

N

]

il

qu
el

Ay —
™ X

o A

i
4

1712 BLEY
=

| |E§3?

e

| =
L@ s

R,
e

s

b, e

)

-
[€)

Aerel AN Gol A8

3|
A

of 2

l

-
X

Lol
JJo

N
_ZTV
o

ol
_ZD
T

o
E
!

Gl

)
0

A7A ALEHA

5]

&

EEHS FIAA, A AR FEgslE 70T & vk w3

of Be Suher AAo] A 7]&ole AmH

uE

’

al

]

o

2=
=

|

= 7



hol 2gol Atebd Zole
o Aol %A ¥/E wh

=
=

¥

Is)
<

an). ol g 7

=

gt (2™ 12

PHA A=

S

3}

A Ad A ol A,

s

d
T2 dA 26 %A 11 %= =tk

2030 7} A

.

)=]
A=

2 ok (29 1.3 #Za).

o AAE

Bl

-
R

ranga in 2400

L praducad by
several modals

Bars show tha

s /o
e/,
28 i,
3 mmm
mmﬂ
Z
=
| E
£2tazgh
SHIE
w o= @
(D) sbueyD aumEIsdws |




1%

LR dolu x| S8

2.4%

5%

2012

a7 13 Ao A duA W

MAMNE EHRE

1.4%

2007

22

A
EER

1 227 =2 MEMS(Micro-Electro Mechanical System)

°l 7149 RE Adolgte &

/\01-754' o

AL
=]

g 217

7]

Fol Aol ol

5]

2 A A e L Aol H

] & &9 YA Aile] 7t

B9

o
5

1
Al 714

713ke] 2

3

AUA AL 7)ol 275

L
=

7] 2 gib] A

=

3|
pud

bt

a7

&

]

L& 7

g, & 7l

-
R

A st

=
=

A R

ps
eS|

7}

]

A
e

Al
=

EIEEET

)

2 35S AladS e

G

H

= AHE7

1= 71so] 2

sl 5

Uy s

s

7] o]t

o] =
BA -

i, AAA o & Abe 7F



W ST} 2492370 &

<

HW 2007d 1292 V|FoR X

KeN
=

o

Eal

m o o o o
= O o (=] o o
— > Db o Ire] o
e 5 . :
<t — | =
— S| 7 -
TS I
| " o | >~ | B
il I ARSI e
- AL SN~—
S 2 Eg19 1251515
o ~O RN K| | =]
- L (@) © — o~
G ST = = g g
L
R — -
R o of0
_zT OE _u__.nﬂ
.2 | AR o "
ﬂl ~ find ~ no
. N
Njo Bl No | = _lu_
Lo 4 7
* ®l<lglg|g &
o B % | | 3| F = —
—_ — (N [aN] jont jang
@ (S e T &
o
0 E o S
i - :
A m“_
I
Poom _
A — ol E | g B
= SldlzzE| Lo
T op mW . .
G N Pea e e T @ s 8§ 8 § g8 °
=~ s i v I v N 4 s ) S S} S
B "5 8|5 = T& & £ ¢ -
5

AR A 7)ol weA
o] 714 wel

-

s

ol A

[=5 =8l &5, 2007]

o

a9 14 AA w3

Tha 2ol 7k AA R 60% ©]
AbEE 3 Tk (29 15-1.7)



12000 |

10000 gt ® — DTN
- TR
—a WEH
+ + o - 2Eed
B000 = . IUBE
E e —m- Hy
-
iF pooo f
b (e -
r=|
A0 _.' ';- -
. i/
/ . _——
2000 . = — = — = = = =y
é}.‘Lc—ﬁ-fivw"t—#—o-—au—-—-—-—-—'—r—H—b—ﬁ—b—-ﬁ—-‘
e e AR T R B
D '_-r- i i i i i ]
1965 1970 1975 1980 1965 1990 19495
5
L

12000

PEEYE )
g
=

2000

A

3
fn‘..a"" ::Egu

Tl
Ty,
™
L 3
|
:
.




| | |
1 @
sisi@
* Mo B g
...i +I_.,rl+
N
.
\
’._,.
.
E§ 8 8 8§ 8 § 8%

(e - B i

A& g (1931-2002) [Al s #5]

7|E}

kg

L g

=R b B

HIY T

LRB

AneE @y

zEwY

s g




<r
180
il

OHl
M

K0
il

K0

ol RO

g 3l

-

- &8

K0
ol

Kl MU

ol o
=

Il 21

0.8

0.6

1990 1995 2000

1985

Ho
Np

™R

¢
e

o
e

ox

4+
oW
o
;OU
N
No

dr

T2

<= 20004 ©]

—_
0

19 14~19

Aow A,

st g



3. BWIM €771

!
ol

el

Ef

)

—~
fIle)

N % oS Fasteh @

an
Nr

)

o
o

wmo

!

)

s
4r
v

N
=
;On#

el

3 A

BWIM(Bridge Weigh-in—Motion)

Sl

-

=]

.

s

]_

]_

stEEZ o

°

=

A5

Ay

WIM(Weigh-in-Motion)A| =813} & 7 ¢

ey

1

T

]_

AFAAE =R
[)

System©]

=

o

i

fi%e)

olo

ol
el

=

N
el

B3

o (Smart Bearing)

=173
T

=

L

B

3

I
Subramaniam (1995), Nims et al. (1996)°1 <]

z:;l.

beae.

S

ATFE 39

el
ojn

R

&+

=

ruze)
_zT
ol
—_
fite)

o

X

o
ﬁo

bol 2

o

Q

#H, Ghosh et al
[e)

Smart Bearing

25t

1 Ale]A & F-2

o
p

~EF

o

T

(2003)

el

% ol gste] vl

ol A

—

KH
T

o
E
ol
A

Nfo

R
file)

—

;OL

olo

el
al

—
file)

A

)

fvze)

AJr

of AAgNUAZ o] &

LA

=

at7] o

S

°o]-&

=

=

ol | ]

™

ol

R

¢
i

FH Al

O]

-%L

4

Aol 3

A %

4

%
hy

Hl
=

17 28 of U A

o2 JEh

A



:I'L7H|=é|.

K| 2%t

T
X X
~ =0
KH of - H‘_ —
e o+ S e B
2w o [ do - ]
\.j_.wo D ‘H_OI Inx i) —— o X
El bl o = T T o
~ \lyu ‘Aluﬂ ! k)
x oo K Ao o % W
KO ) Wy M o T W o i
= T X oF
00 = T T = =
—~ T N ~ -y A _
N o" ~, 1 ~ .
—~ —~ Mﬂ J Xo # ~ N
X 5 B N nvmo = A o o
4 F BE B = = 3
XL A_I _— HE N 1rL _ZT| C
o % e m X° ~
- ~ &e of w Mw =5 ol T
G — O Nfo 0 —_
HE . ™~ — 1 —_ el ‘I%I _ o
ﬂﬂrﬂﬂmx v o5 B _T do
}mMnon QPG RS
x%&%% o_bc o
e o = R ﬁw T & mm op
L@;w@gﬂ Jéﬁ %m%
1 X ~ K jo ol
w%ﬁwl Bk T 5
A o ™ " BRI S o
o8 Me o 4 e - HJ._ ~ ~ % e
o oy -
™ F Gl ML W_E = B o T o Lm .
- - e Gy =M 4 o] ) ;]i nwd iy
=5 X w 4 k o 5 < B
Ao = < o T E = N = .
131%_9 ERi madwm
o H 2 i " W R
T Tw W o = M
el —_ , &a) o X ~
Hr X T IR W = © o o
oy Zo ~ Eo T lo _ T
R O g ﬂﬁmé
= Wn MAI‘_ 3 ‘Ev &e | = o = WW
:_1%591 _wuﬁ ®§17
h < Mo ™ Gl &R ~ - X
Tk NN q
X o il | o i o BS r
Lﬂ_gi wew Lb@ﬂa
G EV Jldu?_ on o
W = = T
~ IHI o) Iva ) =) O#E Lf ! —~
gmxzﬂwﬂﬂ.@w@ HyL:ﬁ
ix,&%o&o ﬂ%ﬂw
ﬂ_OI b3 M _E Ww_ M = ﬁ_ﬂi
) —~ [ lva
N % ol
T S
el



A1A FA-HdAE G ke AA 2 AE

FARAE dnHoz Aety Feo AYSYL A1 ol FAol thas Aok =
FOBALEE EA Fokel AAYI WAl B AAYAUA Ha) thi Helshh ole @
FHe RG] A% ATE ARG: ALFNAE A2 YFHS BALEHS T
A7 Askel B BgaAS GAxAd 2FS B GA-BIAR BA e A
9 oAE A ARE J Lt

ATEIL gLo o= 4l *é Wé-‘é—ol et
B iAo ® grol AhaL tﬁ%gi A}%??;} ? 915 PZT«] Ao 7}m 3= whwlo] gihd, A2
A AmE Aehs A e BAE E 5 9

O 71}k sk Atole] olyA] dgho] dojup= b Azel 74 WAA2 [EEE %5 176-1987¢] wh=

T, = Cgkzskz — e (2.1.1)

Z)7', = eik’l‘gk'l + Ei:Ek: (212)
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el AErl He A7-7A A8AG A4 ATE B kg7t kg Bk Fou AR =2

F 211 V= CTS ARl 3203HDS] =4 A

Property Symbol Unit Value
Dielectric Constant €y - 3800
. Y GPa 62
Short Circuit
Y GPa 49
Modulus
o vH GPa 70
Open Circuit
Y GPa 100
d C/Nx10" " -320
Piezoelectric Charge Constant o /
dss C/Nx10 ' 650
. . ks - 0.43
Coupling Coefficient
k33 - 0.75

O 9o Jel ofaf b AmTE 715 BAE AL AH, WY, AD 5o RETE QAT AR 9
7k e AL B WEE AMete RES - U4FS AMete REolth E dTE 9 211
C ARA o 9Fte] A7|E WA=

O ¢ 21200 W &89 A7jo] wE b Ak 7 o] Wske Uehl AvH Krueger, 1968].
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a9 212 WY =€ Avo mE H A 2
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«(b): W SEo] AR Wt A A5E Hoby

Neutral surface (axis) ~ é

z
y PZT layer N
X

Y 213 dyy BE A A e )

+ el oJsle] PZTe] AHgHE Gheo] H7)E WA

o

O 1R dywe A x4 AN 45S o E 4 Qe fE A A4(Effective

Piezoelectric Coefficient)?} & A “d4=(Effective Voltage Coefficient)S =93}l 3% 21.19 CTS
Ake] PZT 3203HD®] B4 3ol= YEh} Qo] dutdos A7]-77 A4 A k7t ky Bk 20

ol 27 Wil d,RES AgEY o 2 Bd FAE @ 5 A A Q16 fE A A

N

&F 9 dyg, dy,, dy, ) BAE WA WA 2 (Semi-empirical Equation) &2 YER AL, 4 (217 3
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A

0.71
Glass/epoxy layer B I 0 22 mm
Glass/epoxy layer DL 0' 53 22
Glass/epoxy layer DL
0.44 mm
Neutral axis 0.34 mm
0335 mm |_>I . e Pi ............... 0.09
B [ Glass/epoxy layer e mm
ottom > 0.0 mm
{ PCGRE-T1)
< 0.71 mm
Glass/epoxy layer I
I
0.52
Neutral axis Glass/epoxy layer P 043 i
< 43 mm
0413 mm 1 Glassfepoxy fayer * " | '034
. < .34 mm
Piezoceramic layer '
Glass/ 1 «— 0.09 mm
Bottom L, ass/epoxy layer 0.0 mm
{ PCGRE-F
_ Cutoneporylayer [T
0.61
Neutral axis Glass/epoxy layer 0.52 22
0474 mm > " Glassieposy layer [ 1 O
. < .43 mm
Piezoceramic layer ! 0.18 mm
Glass/epoxy layer P I 0' 09
<+— 0.09 mm
Bottom Ly Glass/epoxy layer 0.0 mm
{PCGR-F
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Glass/Epoxy

21.7

21.7

39

0.13

14.2

Aol A =

Carbon/Epoxy

66.42

66.42

4.35

0.054

-1.58

pPZT

70

70

23.7

0.31

35

Property

Modulus

CTE

= A

e

g Aztaiol
Al 4
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y—direction (MPa)

=-31.86

Oyy

o,,=-3310

o,,=~4889

x—direction (MPa)

371

Oy~

-22.9

Opx ™

=-35.02

Opy ™

PCGEs

PCGE-D
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O 2 ATNN ARE Aole] 47

_16_



2] 2 4582} [Krueger, 196819 2% ATZRe 44 4ok 4 4o sk Aa
Aol A 216, 217 ofsf ALtE FE A et 2 A 23E eSS 7]l A
2 2169 % AF pE 12 7H4 stk Al 7HA FE] Bd Ao 8 A g vastd
PCGE-E+ DX} 236% 57} tal, Fi= DETF 349% 5 H—t— Ae & F At F & IR $H
AAH a2 A AT AXYgE AS 95 H0en, d52 D, E FEAR S7h8te AL
% & 5 ek
3214 8 A e o ' A AL A
Piezoelectric coefficient D1e1ectp§ Effective piezoelectric  Effective voltage
coefficie . ..
PCGE ot coefficient coefficient
(10-12 m/V) (10-9 F/m) (10-12 m/V) (10-3 Vmy/N)
x—direction  y-direction € dst! g5t
D dy, =—434 d3,=—154 33.7 356 10.6
E d,, =315 dy,=—223 29.1 381 131
F dy, =263 dy, =225 28.3 406 14.3

O dy; B A AR5 o] &3 oux] shu2ye dubd o pzTe] #£3 wWakyt A3k ekl of=
AUAE A7) A= Wssl= Flo] 71249 sfdelug, a7 2169
2~€l(Dropping Test System)< Aotat A =4S
el - Gelelbd W Aaxpe] FAEE AEehA Han, B Ak #dE shA fh
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Output voltage (with rubber)

Output voltage (without rubber)
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3# 216 o2 At Aot A
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9 A3

Effective

Dielectsi Effective Average Output Voltage
1 1 1electric
Piezoelectric — Voltage
1c1 oelticien
pogEs  Cocthicient Coefficient
(10-12  (10-9 Fm-1)
dsh! el gt without rubber  with rubber
1 35.7 457
10.6 36.4 45
PCGED 2 3% 37 S A
3 36.7 446
1 42.3 52.6
PCGE-E 2 381 29.1 131 436 . 53.6 2.2
' (236% 1) © (181% 1) (182% 1)
3 43 535
1 52.7 67.9
14.3 53.8 63.7
PCGE-F 2 406 28.3 53.6 63.8
(349% 1) (478% 1) (527% 1)
3 55.2 69.4
O wg W 4 mwo] Aok Y3 22 Astwe] WS GAs] skl ke Ut HololA
ARe SR 19 21164 29 Ak A8ahe dol o8l A¥HCR Fae 4%
BRI ATh
o B without rubberD) || ! !
® without rubberE)
] f -.1..':II||||.:I rubber(F) ]
= T :'"'-— '.\'1::|11:.:.l.:::|.';'|::?| //- |
E —.;—-\.\.-ﬂ_l:'._l_ll_lun'l-'! //" i
é 50 = /‘ / .
é.. T */ /.»/’/-: 1
3 wu} o L] |
e S / -/ L
20 - -
10 T i i i i i i
LA 1] 015 (L2 0n.25 30 035 .40
Dropping height (m)
o9 2111 T el elsh 28 A
O AF7HA9 &9 A ML 3J=oll ek Astoem HAA S&ole &8 At FaF A3 (Load
Resistance)o] ZAe]Al At} whebr S dxtol] A A2Pe o dsto] AAz Ta3 s
A ) o] Eato] Hit UE (Average Power)S 213} o] Axbsl 4= glt)
_
P= R (2.1.8)

_22_



a9 21129 % 2188 AFAAE YERAITE Yk A AlzglelA K3 Aol 1 kQellA ]
=9 455 YT T3 PCGE-F&= Ul &9 Ay dES Yehgded o fd o] o
2 d=3 Ass P}
3 S SR—' T, |
L e e
50 ... |\ ¢r " — 0= Velage of CGED] |
i . —a—vVaageof PCGEE] 1 300
wkh | \ — % — Veltage of PCGEF
r L i ____a|—* Power of PCGE-D ] 7
S ol i Evvudtrmed 001
¥ I ; ~—a— Power of PCGE-F -,
= | g
r 100
0
Load resistance (k(Y)
a9 2112 Bt Heh Folef =¥ dAY
%217 2EAGY Hd dE
PCGE-D PCGE-E PCGE-F
Peak power P (mw) 100 211 367
Voltage V (V) 10 20 26
Resistance R (k2) 1 1 1
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A28 dgs RE GA-BZAE &9 WFAH AF

L 28 F& dd Al=g A

EE g5 dH Alxge] 542 9bd A5 F4%S AR 7ste] PCGEol A3t
=9 A4S TAst=d Ak AlzdelA wAlsts A AVl £deold wvhe AE
HHEAY A2y A B Ags SRHANFeERA 2- Jlestt 49 Faaes FHU
2uw3s| = Af‘lﬂé}‘ﬂolﬁ st Ade F AREE Eol7] Hdte] HdlE =A st=s AASH.
=499 Fa4E U &7 YaidE 2EO E=(Holding Torque)et #lW el S+
AeFo] 3} /\]7}31}94 HAE #F FAs Ao drF B AP Y A7HE HEY
S| 571 He ztotof gtk thg Aol Ao Hep At BE I AFT] Atele] #AE
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BH % @8 A2"e] CATIA 295 a9 2210 Uehgiglen, Fo FAEFLS v

O BH: BH, 75 =gold, Aoj7]7F A2 Fr1H o g IHA
O 7: &ofold HLE ¢, ol 2 Ao E 3},
O @M w2z, &etely wl, EadFoz FAT o] k. FAe| PCGEY F714o=

H
A58 + Q=S A TR, F NS FH uhE ALgste] @ usk 9, ohelEw $4o]
=

O 2Z: 7 Fo| AES Fo] F1 PCGEel A43tE BEYL /AT e8] nhs} A
2 pS|
= =

a9 221 Y T dW A AE

w3k Elolw HWEZ A83o] 3] &% (Revolute Motion)S EEA AoE AL L=
shach T3 #S T3t EEo] oA dwzE de o
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XM,

(2.2.1)

&3} 2.

ke
T

m:°|2td 4] (2.2.1)

(2.2.2)

3 4 5 Stk

¢}

A

al

DER

= o

2] (3.2.2)

A

S

7 07k Ak 744

(2.2.3)

0

JgL=

2
e A 22405 A

)

VL20+ QPO+ K20 + (m+ —

3
(22.3)°] A<

m?"

(m+

S A
=2 "1

2]

SE

0.21764 0.1286+ 12.80 +2.205 =0

21 (3.24)9 & 2 (3252 YEekd 4 gt

(2.2.4)

(2.2.5)

e %%[0.013sin (7.67t) +0.347cos (7.67t)] —0.173

0(t)

s

B
Hy

el

0°% "ojA = ARFe v

waa Aol g=0, oA 0

(2.26)

e~ *10.013sin (7.67t) +0.347cos (7.67¢)] —0.173 =0
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21 (2.2.6)9]

= t = 0.1365 so|t.

7221 B F% 9 A2d"He AA WHEE

mr m k C L 1 g o
(kg) (kg) (N/m) | (N.s/m) (m) (m) (m/s”) ©)
0.05 0.2 20 0.2 1 0.8 9.8 10
7ho] &ehold wlo] HE3 & wol A uwjzpxe ASlZE 120°5F HEQ A F7]9
3%l 1 AHxolt} o] &Hdtold ulolA wWolxlu i Aol oflglz o]z PCGEY
=A% 71etA A wEld Aol PCGEe|l £73<& HA3] 7hslr] Yalids 2E9 43t
Azkol RE 3|A AlZke] 3%l 2Ht} Fof dul o] Ao wRE uyy T T
ZA& 94 "ok

I;notm'
>T (2.2.7)
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Y 3Ad
Hz 3=7} €

e st o,

T 48 Hz Bk OB R (fr < 48 Hz), Al=Ee] A Fab=
Zolth olef gt ol& A k& AFEI] Siste]l ADAMS™E o] §3te] s
o Ad S Fag A4 919 ADAMS 84

o] 71 A& ADAMS™E o] &3 mE T% @y Ax®o 7 FEH A4S Faer).
5

WA CATIAZ o] &3l AN2ES desta o] 7]Hshy e Yste] I
ADAMS™e)  importstgitt. 19 2239 ADAMS™/Viewoll A YeEld =E I35 dH

Alz=dlE HERA AT
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7 K| i3-4) Revolute jomnt

(2-3) Contact force
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1 -‘-'"J ""bq. "’i
¥ ¥ e P 1 4
x ‘l"’ %
n "’L' ]
- Y
evalute

Motion

19 225 2] B A y|7EAH 47

q
| Slskel AbgsHaTh Eolm WE Asge BEHAA B A

N

AFEA 27 gol ol Youp=A & 4 Atk HALF (Revolute

=

o
o

o HT
-

=)
v
0 offt
£ i
N

Motion)<
ol9] FHEAY & YERT] fste] A&t Agrt ¥ bl ol S AR E
3 A Jhsetth o2, HEHS YEUY] fete] T e HF FE AYstan A HA=
A A vp Alolef, 7 WA= A PCGE Alolol| 7ol stitt.
Aol AEE S 3 2220 UEUN L HE5HI Ao HYE FH A2 YEUS]
=
3 222 ADAMS &4 =4
Mass (kg) 0.25
Frequency of motor (Hz) 1
Stiffness of Spring (N/m) 20
Damping coefficient 0.2
(N * s/m) ’
Gravity (m/s% 9.8

zA9 A¥yE ¥ 2269 YHE =Y FZAEe FHugke 1500N°] 2tk PCGE<]
7} 36 mm x 24 mm x 0.25 mmeo]7] wZo] 7}siz $=HE& 1.7 MPaoltl. Addo=
o
o

& 1.01 MPa°] 3t
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AeFo] PCGES] 545171 Aol Aol dwl vl HEspA €rh 44 Aol m=wl, e
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T odu AlzE 22 A FE AY 75 Alxgog o]Fojx 9tk
g2 25 A& o]§3te AFE L NI compact DAQ (NI ¢cDAQ-9178,
o} PCGEolA AAHE %9 A5He Lab View 7]9e] dlojE 5 A
2o 729 18 2288 FEAY vAYS 1nE g, PCGE, =ZE Al 9 TE 7LE
P Alz=goz ool 4y A Epich Ade] B4 PCGEYL 3 EE A% A
aF glol driut @Wol A J =X goldls Ao, Lol AAA A
el Al =8 Ak V1Este] A Astb dejue AdS A4k PCGES 271+ 36

mm X 24 mm x 0.25 mm©]t}.

=
=
-]o]-% DS Rels ._/r:

Lab-View NI compaciDAQ

19 228 YT AEe 98k A8 =23t

PCGE®] W74 Ad& g, 28 & d A" e ste A9 wryse] das
o A BE3 w1y e Hol gt o WAYFe] BAE PCGE fd dFe #da
TEA7IE Aotk ANSYSE Abgste] §3 XS F3dgon o] Fd &5 a5 i)
=o geiE dAstadt sk AA4E 2 Y Feje] AH E5S v e 9l
Fi FA e &8 BEE BESAT 1 A% 2E BE) FH meiNE §8 22X
7b & Ael7h gle, aRe ARG fFol whebA = Abelzh W etk ol s 2
e FE WS AAT W 2ielF £ N ¥4 ¥ e=REH PCGES BEdt7] 93
a7 2290 HERA A} 2ol kT A viAYEE ARgEiTh

a9 22100 W APl A8 st dE dMAYSS YEiit PCGECl 4
o Agshs Wl witel Aol & HA ehe A7t 2Asglew, o & sjdsty] 9
stol 19l 3211049k o] il Hlo]ZE AbEste] A7F 50 HS (£F4 ) B 70 HS
(HAA 1) & skt
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Soft rubber. 50 HS

oth side tape

Hard rubber TOHS

a9 2211 35 AE vAYSZo AFgHE 59} W Holx
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3. Ay 9 &9

howE FE A Asgel 49
AdA-BaAgg wd Axpo] 4

oEL

stAA RE 1% #Hy A= ol
AL FRBlof g o] A]~H
B dw Aladle] Ag JEni

# 223 2 75 8 Al="e Ad

Device Name Value
Mass 0.25 kg
Dropping frequency 1 Hz
Stiffness of spring 20 N/m
Load cell Capacity: 200 kgf

Resolution: 1/3000

Sampling frequency of the
NIcDAQ-9187 25 kHz

i 22129} ¥ 22138 PCGEel 7FeiAl= ¢&ol 076 MPad o A=} H4o
AZE olgls yEhl AL vk A HE 680 N (EFHAF 878 N), 8¢ 5283 V
(F=A2 0.47 VIZ ASHAT. T" 22129 daE 2y A, Ad 2E g
Azle] FAHe] wf W A ER AT F 9le ow ddd

S . : |
L ’ i ! ks
P8I S T | W
gt i e b I .. ]
E L |
+ 30 secesplinsas il ospak 3 LY
i Pk : '
o k| E-yeee ey TR Hesghicl SEtin §o s |
10 E
s o, e 4 ™
s S B
1 2 | ] a (-] T 2 Q
Tims (53
a9 2212 54 $30o] 076 MPa¥ W PCGE-F2 +43-A17F o]F
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a9 2213 T4 §¥o] 0.76 MPa¥d wl PCGE-F¢ &9 ds

PCGESl %3 3912 As7] 9stel 19 22
AC W37, AAE, Aoz ofFojzl Row Hn
sJ5tel Abgak Tt

@]
7 -

Z9 99 thee How mawn,

2
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2EELOAD

7)ol A V = F38F A%, Ryt F-3F AS vepdch a7 2215+ o8 71A] 531 A
of w& ¥ Ay =7 g9 WIS yedy. PCGE-A, PCGE-B, PCGE-C,
PCGE-D, PCGE-E¢} vlua] B PCGE-F7} 71d 2 &9 398 27t
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Percentage of degradahon ( %o )
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2gAde ool 1Y 2163 2ol el o5 PCGE-F A ] walere 3els

3l e RYAPL FAse] AYAE Fetatel Fehizold] HE WAL 574
S99 2319 19 2328 AHEE FAREAY A9 AdEe Rge neldd

a5 Aguss A AY, dehsol, PCGEF AR 9o A9e nrael 4w
29 233014 vhebdh POCGE-F Al 273 26x26 mmol vl viel 4ble b

= 24x24 mm ©|t}.
Linear guide®] *®°](900 mm)¢ Agto =z 71s = &=
A o] dFE thdFstA A &ste] Bt o 52 W9 T4}
stz ol wel PCGE oA A= Asks glstaar Hah =0
BAed mE RYPAFES A

—

-~ Mass

<«+— Linear guide

«— Rubber pad
PCGE _F_—| ,___|

Load cell —p —— Acrylic jig Loadcell

I |
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7 s44de AT ASEHAA

S TE T

(1) Sampling frequency A%

ZAAH Yo B A7 dtFo] 7| A3 Pulsed o A gto] WA R R HlolE o &
2ol gl= A3 Sampling frequencyE A& Fa7) vl 19 234 ~ 237 yAE &
AZAFZE o] &3] o8] Sampling frequency = =43 At Algtold g Zojt}. 500
KHzZ 248 4% A% Aol 1d =g dad & AW, Joha Fol dolHE 443
L A FEoF sk ol Re] do] A A3 Sampling frequencys A783H7] 93] vt #Zeo] 50
kHz, 25 kHz, 10 kHz® Sampling frequencyS w}#H 7} =A% A3E vlustdoh. 12 23
Sampling frequency”’} 50 kHz ©llA 500 kHze] dlolg EX4& A 4d3] wgst= Ao 2 e

5] H

¢

Wl wEbA Peak Voltageet 22 A3 dlolHY 5A4E& F% 9gd 4 2+ Sampling
frequency & 50 kHzZ ZAA3A ). olo we}l 50 kHze] Sampling frequency®ll 533}
< 7k "Hol¥ 43 4% National Instruments/\}-J NI ¢cDAQ-9178, NI-9225, NI-9237
AT (d 2.3.8).

160 —
120 —

80 —

Voltage (V)
|

40 —

-40
\ \ \ \ |

0 0.0004 0.0008 0.0012 0.0016 0.002
Time (sec)

19 2.3.4 Sampling frequency 500 kHz

_40_



Voltage (V)

Voltage (V)

160

120

80

40

-40

160

120

80

40

-40

0.0004 0.0008 0.0012 0.0016 0.002
Time (sec)

19 2.35 Sampling frequency 50 kHz

o

0.0004 0.0008 0.0012 0.0016 0.002
Time (sec)

19 2.3.6 Sampling frequency 25 kHz

o
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160 —

120 —

80 —

Voltage (V)
|

40 —

-40
\ \ \ \ |

0 0.0004 0.0008 0.0012 0.0016 0.002
Time (sec)

19 2.3.7 Sampling frequency 10 kHz

(7h) dlelH =y A

NI cDAQ-9178 NI-9225 NI-9237

% 238 Hlo]H A (NI e 2 BE)
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# 231 "HelgsgdA A% (NI cDAQ-9178)

A+ cDAQ-9178 (bord)
Z I CompactDAQ
=% M 8
T AR AH 15 W
= EESEIEE 9V,30V
= 32 HE
USB 2= USB 2.0 3}o] 23] =(Hi-Speed)
dolel fa ey | R T A Y e
3 232 Hlolg A AFE (NI-9225)
A & NI-9225 (1%t A5 Es)
% 9 CompactDAQ , CompactRIO
Ad 3,0
A= 24 v E
AME S5 50 kS/s
o & & 24.56 kHz
HaL opdma gy Ay 300 V
A Aet 99 -300 V, 300 V
A A Mo Han 0.034 V

#F 233 "HelHsHgA AFY (NI-9237)

NI 9237 (=~E ], ssASF 2E)

Al
% g CompactDAQ, CompactRIO
A 4, 0
g = 24 v E
ME &= 50 kS/s
HaL opdma gy Ay 25 mV/V
Ho Hdsk 19 -25 mV/V , 25 mV/V
Hal Ask W A9 0.038 mV/V
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(W) == A A

I ] ‘
SB-500L, CAS SMN-200, CAS
19 239 2 A AA

3 234 SB-500L (Load cell) AF%F

Max. capacity kgf 200 kgf

Rated output mV/V 2.0 £ 0.005
Zero balance mV/V 0 £ 0.02
Combined error % 0.03
Repeatability % 0.01
Creep for 30min. % 0.03
Temperature effect on

Zero Value %/10C 0.028
Output value 2%/10C 0.015
Excitation

Recommended Vv 10
Maximum Vv 15
Resistance

Input Q 430 = 40

Output Q 350 £ 35

Insulation MR >2,000
Compensated temperature range T -10 to +40
Operating temperature range T -30 to +80

- 44 -



¥ 2.35 SMN-200 (Load cell) A}

Max. capacity 200kgf
Rated output 1.0 mV/V(1-5 kgf: 0.5 mV/V
Zero balance 0 +£01 mV/V
Combined error 2.0%R.0.
Repeatability 1.0%R.0.
Temperature effect on
Zero Value 0.03%R.0./10C
Output value 0.05%R.0./10C
Excitation
Recommended 5V
Maximum 10 V
Resistance
Input 350 £ 35 Q
Output 350 £ 35 Q
Insulation >2,000 M
Compensated temperature range -10 to +40C
Operating temperature range -40 to +70C
(ch A %A
AN Qe vk gol FARFAYS FRY AWwsr AW A dehxol,
PCGE-FAIA $lo] e 3o Hx7t #t,
124} Linear gulde-q #0](900 mm)e] Aoz 7HE = A= stEe A7 A 9
onz AP WYL Il Hgstel nrk o We WY FARFS AT 5 YR

skt olel wet 197 g(1¥ 2.2.10), 395 g(1¥ 2.2.11), F+ 714
EolE WEANAVIY Fu A7]e] S4%tTs 7Y 5 AT

= BH T

= =

T AFAE A4t

9 2310 A=A 170 (Mass 197 g)
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% 2311 A=A 270 (395 g)

a9 2312 s43ts4dd 14
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(2h) Atg==2 713 (software)
AAE dolHEH A9 Al-&% LabVIEW 2011 A3}t

(vh) A&

90

200

200

J |

[

L IT 1
©

60
Og[ | [L—®

\ I e = |

Oy 2313 2= A A1 =9

#JLH
1l
(i

a9 2314 2= A A2 B3
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(2) A&
¥ 236 AT AP %
Hardness 50
Rubber PCGE ¢ A% 50 nEE
2 & Mass 170<F 270
o of Zhzb Aok 54
PCGE ;:::::::::::
Hardness 70
Rubber PCGE ¢ A% 70 1%&
2z & Mass 170 270
A o Z+zh A SA
PCGE
¥ 2369 o= 20129 39 29¢ ~ 49 1¢, 39 FoF A J](Mass) el Eo], a1
o ArE e, 717417} OP‘/‘ Ao g st Agolm=z FAHghe a7t HAE
NoIA =H A a1



Voltage (V)

o

0 0.0004 0.0008 0.0012 0.0016 0.002
Time (sec)

19 2.3.16 Mass 171 (197 g), 1% A% 50, h 90 cmeollA] A< Time history

Voltage (V)
|

0 0.0004 0.0008 0.0012 0.0016 0.002
Time (sec)

a9 23.17 Mass 17 (197 g), 1% A% 70, h 90 cmeoll 4] A<} Time history
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Voltage (V)

g d

| y !
o [ 0o ooz Ome (N1 1S
Time (sec)

19 2318 Mass 270 (395 g), i1F A% 50, h 90 cmeoll 4] A< Time history

Voltage (V)

0 0.0004 0.0008 0.0012 0.0016 0.002
Time (sec)

% 2319 Mass 271 (395 g), 5% 4% 70, h 90 cmoll Al <t Time history
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100 —

Voltage (V)
1

0
\ \ \

0 400 800 1200

Load (N)
19 2320 Mass 1701197 g) 1 F 4 %= -1 &4

100 —

Q@
L4
80 —
60 —
2
[0)
o)) —
s
o
> 40 —
20 —
m - M2-50
O = ©= & M270
0
\ \ | \ | \

0 400 800 1200 1600 2000

Load (N)
% 2.3.21 Mass 271(395 g) aLF7E % 50, 70004 sta-d A
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¥ 238 TEWH mApy B
Stainless Plate ¢F 31533}
Stainless Plate
59 Aol PCGES 2231
PCGE Rubber Mass 195 g, 390g o=

Stainless Plate

R-2, T 25 N-m

-

Helolz 4853 el

N

Torque 2.5 N+m

Stainless Plate

PCGE

Stainless Plate

R-u, T 25 N-m

Stainless Plate ¢F 5%
PCGEE #-2+3l4
Mass 195 g &2 Ysl=o|&
TAsS g A9

Torque 2.5 N

of 2|

Stainless Plate
PCGE
— Rubber
Stainless Plate

R-o0, T 25 N-m

Stainless Plate ¢F 153 9
PCGEE 23l
Mass 195 g 2.2 Ysl=o|&

TAssS @

Torque 2.5 N

44

Stainless Plate

PCGE Rubber

Stainless Plate

R-2

Stainless Plate ¢F i3}
a7 Abe] PCGEE F-#ato]
Mass 195 goi ‘a‘rol—%O]L 90

Ir

Stainless Plate
PCGE

Stainless Plate

R-no, T 25 N m

Stainless Plate AFo] 53 §lo]
PCGEE H#-#3lo] Mass 195 g
o2 Yalgol® FAs TS
gGefs A3

Torque 2.5 N+m
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PCGE<9] $A]of we}

ol

B

o
T

T

B

200

160

(/) abejjon

40

Load(N)

voltage(V)

2500

2000

(N) peo

500

70 80 90
height (cm)
a9 2325 R-2, T 25 N -m Mass 170(195 g)<¢]

60

50

A

=13
=

200

— 120

(A) sBeyjon

Q
o
f

40

Load(N)
e = = = = yoltage(V)

2500

2000

1500 — <

(N) peo

1000 —

500

70 80 90
height (cm)

60

50

A

=13
=

a9 2326 R-2, T 25 N - m Mass 271(390 g)<]
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2500 —

2000 —

1500 —

Load (N)

1000 —

500 —

Load(N)

------ voltage(V)

— 200

— 160

— 120

voltage (V)

— 80

— 40

50

60 70 80
height (cm)

90

1% 2327 R-u T 25 N+ m Mass 170(195 g)¢] A A<

2500 —

2000 —

1500 —

Load (N)
|

1000 —

500 —

Load(N)
voltage(V)

— 200

;— 160

— 120

T
voltage (V)

— 80

— 40

50

\ \ \
60 70 80
height (cm)

90

1% 2328 R-o Torque 25 N+ m Mass 171(195 g)¢] 2 At

o] O

/}—;’1_]‘5— A=
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2500 —

2000 —

1500 —

Load (N)
|

1000 —

500 —

Qe Load(N)
[ = A= 9\ voltage(V)

— 200

— 160

— 120

T
voltage (V)

— 80

— 40

Torque (N-m)

9 2329 R-2 Mass 170195 g)

2500 —

2000 —

1500 —

Load (N)

1000 —

Sz EAE W

o=
emeceeeeme ==
-

500 o ®» @ = o ame o =2

=
S} "l AN %] ok

8

T = A= |

[Sf=—F=] Load(N)
/x = A = & voltage(V)

— 200

— 160

— 120

T
voltage (V)

— 80

— 40

50

138 2330 R-no Torque 25 N -m Mass 170(195 g)¢] #

60

70
height (cm)
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¥ 239 54 UTM A v

A &4 UTM

A=df &4 UTM

500 kN (50 ton)

300 kN (30 ton)

A %
Ao} W atEA 0], WAl 715 szAolu 75
7} Hz 3 Hz 1 Hz
CAAREAGAL A | e
=5 Ase Arg ANz Age) | T o T E W
. A1 A 27
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1} PCGE A4 94 24
Q57 AN AAF 3ol thalH HARY wHe] Wie] PCGE

PCGEY HAYxE 2AA
H 7 8lo] WA StE AdE

o 94
(1) Agpe

1 5.0 mm

7.2 mm

PCGEE H}ehwl o 23
150 kNZ 7Hahe] 49&
Wi uFaa e
of o] WwrE oA, 11 a5

"

T 2339 W R wia
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% 2310 AA9A A4 29 A9

&

PCGE 97 vlgol A 0.0, 2.4 3.6, 6.0 mm
e FA3E 100 kN &35 150 kN
Brass sealing rin Slide plate Layered elastomeric disc
I g ring p y

% %% %

7.2 mm

12.2 mm

Pot plate

9 2340 ZETH UF-o PCGE 91X

_66_



S
i
e
i)
_\3
W2
M
1%
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Voltage (V)
|

20 —

T | T
8 9 10
Time (sec)

9 2341 a3 vpge A 0.0 mm =olell #1X gk PCGE A8 - &

20 —

20 —

T | T
9 10
Time (sec)

7 2342 53 vieto A 24 mm ol 91X g PCGE A <
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Voltage (V)
|

20 —

T | T 1
8 9 10
Time (sec)

1% 2343 133 vleto A 3.6 mm =o]d ¢ X3 PCGE A A ¢t

20 —]

Voltage (V)
|

20 —

T | T 1
9 10
Time (sec)

a9 2344 353 vpge] A 6.0 mm =olell 9143 PCGE A - &
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- A¥x232 PCGES XEWY R ui ofg Ao A &elsty shdla, st
<& 0 kN, 100 kN, 200 kN= 7}3F AejolA &35 30 kN, 60 kN, 90 kN, 120 kN, 150
kN& thFshAl o Hokal, xpake] o] F&imel wel 7 XEE 05 Hz, 1 Hz, 3 Hz 2
wote] A3S A

(1) %3 otz PCGE F-#4 3

19 2346 X

l m
HE
nN'

1o PCGE 49
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e
M
>

(Dead Load)

0 kN

A skF
100 kN 30 kN, 60 kN, 90 kN, 120 kN, 150 kN

(Dead Load)
200 kN
gt 7HE X5 0.5 Hz, 1.0 Hz, 3.0 Hz

A5k

50 kN 30 kN, 60 kN, 90 kN, 120 kN, - - - | 300 kN

3E 2399 =xo= 20129 7€ 119 ~ 1397H4] 3L &<t 4

AT},
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20—

voltage (V)
|

10—

] 30 G0 an 120 150
Load (kN)

19 2348 1174 3skE 100 kNl A 7he X E<rol mE Load-Voltage ¥7

% 23482 1AstES 100 kNl A &
05, 1.0, 3.0 Hz= W3AIA 242} HhAg

AatsS 30 ~ 150 kNoZ 7hetal, 7HeE A&
22 % 2
stgol T7HETE TAAYE dFor St A
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30 —

20 —

voltage (V)
|

10 —

0 30 60 90 120 150
Load (kN)

a9 2349 14 3ts 200 kNl A4 7+ -5 wE Load-Voltage ¥7|

19 23498 1AstE
05, 1.0, 3.0 Hz= W3A
AVshAl A3 o Zr)sledth

=5 30 ~ 150 kNo.& 7}&tar, 73 s<s
w3k Aol ko] 17 23489 1o}
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(2) 12748 3t% 50 kN, &3ats 30 kN~300 kN 74|

71l AY 9o &F3 AL BAZS AAS] Ay Y e A%
35S 50 kN &35S 30 kNellA] 300 kN 7}#] 7}sle] AdS A

30 —

voltage (V)
\

% 2350 1A 3FE 50 kN 1Hz Load-Voltage A
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100ton pot bearing

W Es 50ton pot bearing

3+3}% (Live Load)

A EE 100 kN
30 kN, 60 kN, 90 kN, 120 kN, 150 kN
(Dead Load) 200 kN

0.5 Hz, 1.0 Hz, 3.0 Hz

235 M

3E 23119 o g 20139 11€ 219 ~ 2297h%] 295t 72 =3 2314
& At
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() ool dddx}
(7} PCGE-F-0.25 él_ a4 3
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N — — — — 1Hz
—_— — 3Hz
° |
30 60 90 120 15¢
Load (kN)
% 2352 1A 100 kKNollA] 71 2540l W& Load-Voltage ¥
(5453, PCGE-F-0.25)
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B 0.5Hz
— — — — 1Hz
— — 3Hz
0
\
30 60 90 120 15C
Load (kN)

¥ 2353 aA-s 0 kN

(Baw

oAl 7k XEel W Load-Voltage ¥
%, PCGE-F-0.25)

_78_



(\}) PCGE-F-1.00 A& 47}

60

40

Voltage (v)
\

— 3Hz

90 120 15¢

Load (kN)

00 kNollA] 7+ %l-g-<=ol] w2 Load-Voltage ¥l
(%—/1\—3 , PCGE-F-1.00)

30 60

a7l 2354 1143k

60

40

Voltage (v)

% 60 120 15C
Load (kN)

20 kNell A 7+ 20-g<ol] whE Load-Voltage ¥
(4573, PCGE-F-1.00)

1% 2355 1ATE
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(4) AEAFAANA ] AH A7
(7} PCGE-F-0.25 A ¢

A3}
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~
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e
= -
&) -
> - .
= -
(@] ~
> -
—~
-
.-
4 — ~
s
-
e
~
r
0.5Hz
— — — — 1Hz
e - — 3Hz
° |
30 60 90 120 15C
Load (kN)

1% 2356 a7gdks 100 kNellA 71 zls<re]] whE Load-Voltage ¥HI
(AEAE A, PCGE-F-0.25)

Voltage (v)
|

0 &Hz
————— 1Hz
= = =M

¢ ' - I ' ' |

e =) 120 150

Loa;ﬂ{m}
% 2357 343k 00 KNAA 7F sl w2 Load-Voltage ¥
(A=A A, PCGE-F-0.25)

_80_



(1}) PCGE-F-1.00 A& 4

30 60 90 120 15¢
Load (kN)

19 2358 11738k 100 kNelA 74 1§l whE Load-Voltage ¥/
(A=A E A, PCGE-F-1.00)

30 60 120 15(

Loac?o(kN)
% 2359 143k A0 kNollA| 71 5ol mhE Load-Voltage ¥l
(A=A A, PCGE-F-1.00)
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PCGEl o3 TAst= A7l Al= 7IAAQ d& 7tobs FHst 43 = 719
Aot FdHiE 9o Anh B3 S9 5= ArloluAFol vl Zol Akl oA A=
2e 2 A7dyAE S48kl 28 5 ogloh wekd PCGES] W7oy d7lodA &4
Foe uddys W, AVduAE AfFHeR AN AREsy] B AdzE&o R oAl st
AqUAE A3tste BFor Ags stk Addo A= oo tigh oA AE 3|z HA e}
Algdolds 7=t

1. Piezoelectric Circuit 249

Piezoelectric A A 28l 2 o] R AHE = 7] AACl oo 23] Piezoelectric W37

[}

°of W9 WEd wet d71F duAR W g & Hdr] FeE Oﬂﬁs}oq ALg sttt 7] A A el
o] A&HA i, A SR o]FoxE AfodeE HAUAUAE AHFHSE AET F
glek. el AsAEY viE e Sl ouAE AFEE A7 dasA Hed, ok
Piezoelectric TrA Al 28] A 7oL %] S8 o] Hoja] AlLo] FE Ho] B} A=ZAHow
ANFAE AFeA ALget= A Bl A7 = ARRSHA HW o E&AoR AEd & 3

= AR gt

1

——————— i Bervater. ) e
| Piezoeletric | i gt i rll iri ||
Eﬂf E.I”I -IE‘{-JEII i
: | i —+ | | |
|
Bz Qo =) :
| IR |
| o '

I Transducer ,I | cireull | !L_erlll J
R —— !

719 2.4.1 Piezoelectric &7 Al 2~ €l

o] Mol A<= Piezoelectric "FHAA =89 A7]# <l 3§45 flafA = Piezoelectric ¥ $H7]¢] A
714 BEgs ettt 19 242(a)0] UERH AT Zo] PZTe 7 AAR] Wl wel st
o] 1% 2420l A A7 wjdstA o] HAAE dAs L, Ferh AAE] e Ae A
Al o3k H{F7E sET S, PZTY =82 d7IF o=z 71AAQ el tsste 19
s2s Fdetal, 1% 24200l e AF o] A7 AR, Agder srkst & &
Art.
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2. PCGEY =4 54 A 3¥

o
I
é
=)
2
_>|:4
e
E
[UO
1
ol
_O|L
32
o
I
i
&9
R
m
[\
S
[u—
o
>,
°
o
I3
%0,
o
S
_O|L
o3l
pr
2
ot

Aguras 7haAgo R FAE FAR A4S A= 99 kQ7HA AHgo] 7Hs st
AR 3L Jtet= P FUsA Yornz AL Sine Waved]

2% 243 /b A gk

¥ 241 PCGE-F-0.25, A& A& A

A Q) A HV)-rms A5 (nA) A= (W)
open 6.63 0 0
S0k 949.0m 18.98 18.01
40k 765.Tm 19.13 14.63
30k 583.0m 19.43 11.33
20k 394.4m 19.70 7.76
10k 199.00m 19.90 3.96
5k 100.73m 20.00 2.00
1k 20.10m 20.00 0.40
500 10.12m 20.00 0.20
100 2.02m 20.00 0.04
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i 242 PCGE-F-0.25, 459

A1 3H(Q) A F(V)-rms A5 (uA) 48 (uW)
open 16.98 0 0
50k 1.54 30.80 47.43
40k 1.24 31.00 38.44
30k 950.0m 31.67 30.08
20k 633.0m 31.65 20.03
10k 319.9m 31.90 10.18
5k 161.19m 32.20 5.18
1k 32.27Tm 32.00 1.02
500 16.17m 32.00 0.51
100 2.99m 29.90 0.09
3% 243 PCGE-F-1.00, 2 &A1& A
A(Q) A HV)-rms A5 (1A) A8 (uW)
open 12.31 0 0
50k 1.49 29.80 44.40
40k 790m 19.75 15.60
30k 417.5m 13.90 5.80
20k 322.9m 16.10 5.18
10k 163.5m 16.30 2.66
5k 82.2m 16.40 1.34
1k 16.46m 16.00 0.26
500 8.30m 16.00 0.13
100 677u 6.70 0.00
% 244 PCGE-F-1.00, 4129
AH(Q) A HV)-rms A (nA) 48 (uW)
open 10.85 0 0
50k 1.59 31.80 50.56
40k 1.29 32.25 41.60
30k 993.5m 33.10 32.87
20k 665.5m 33.25 22.11
10k 337.5m 33.70 11.36
5k 170.43m 34.00 5.78
1k 34.16m 34.00 1.16
500 17.06m 34.00 0.58
100 3.43m 34.30 0.12
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7F. /1Al E (Open Test)

MY A SallA Lokl A2 Algdoldol AHe&E Hehle] Aste] A7|eolt. 1EA
o] ol MayYH= Faf AFS Fske]l PCGES AAANEL A7]5 AstA Ha PCGES 24

go] #EHE w07 AP A Aok

¥ 24174914 open H-i9 At S HW 7|E Az g2 AAE AFES Ao M EE
ko] Zo}, sHAIT o] 8 A ;e AFF] & HFoz Ho AlgS Tt o Agst
A Al B ol A Rags utso]ofdit),

Y. ¥3lA1E (Load Test)

ol Alge Aol 7AXR 84S AE W drldyR|7F gAY, au AFUF EES
A BEE WEY FA Huh F NEAIFA A= ARV SAeH gorng ¥ dEES
A2t 4= AT BIA Y= AF7F 224 FHo] AEES AL = JgA "o o] 2
I e 241749 YERY} 9t A3 A o 2= PCGE-F-1.000tH7F 242802 AdE& 2

ek e Aol Fd @ol bg A vebdeh AT A8 FAAA AgsolE Felst

ol A7)olth Ze LEDE A7) YaiAE HA 18 mWY A717F Bastd), 9 Adox]
At A7 e Fo 74 2 ko]l 0.05 mWITE o] AL de ANS EaA Holx 3607] oA

o A7t Basts Ag gAY 5 9

R

4aNge 18 3 2o YUz 9 ARl A AREd POGE-F-025¢] 27]uth 1/3 e =2
19 WS A D RS Aast AnHon A8 A 45 FHAg] UT HolA
S0 oz gol AT olft AMA Arud Agtel As7h 1/3 wE 2opH] wEo
AldS zl st oro

HEo] dnen, ¥ w2 deke 47 A AERe dd2 o

3 245 PCGE-F-0.25 (72 x 24), 214 374

A7) 7 (V) -peak A (mA) 48 (mW)
o0k 0.38 0.007 0.0028

10k =4 =7 =3 27} e
ok =4 =7} =4 27} e
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3. A4 7|23 PZTY A7|F 2dd

330 nF o]aL
2487994 & 4 Sl

Te 3 B0 E2H CASH0l AMSE DEE =it 24 8

|

Fy

P1:rms(C1) P2:fregiC1) P3:max(C1)
399 my 10009035 Hz 449 my

P4:- - - P&i-- - PE:- - -

Measure
value

status 4 '

L
19 247 PCGE-F-0.25, $4K3, 53 10k Ald 33
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=S STV ES

EflH [&Sd0l HMSE  THEHHEH

oA

L =
=

. =]
oo = b

ci1

N

N

&

Measure

value
status

P1:rms(C1)
3375 my
b

P2:freq(C1)
1.0014448 Hz

v

P3:max(C1)
477 mv
v

Pd:-- -

P5i-- -

19 248 PCGE-F-1.00, 228, 3 10kQ A3 33

4. 71&° AHEE AJUA AH 3=

71E 3R M= AT A\AE A7) Aste] =34 S

PE:- - -

AR Hag A7 A duvAE S8k
ol A3k A& Z WA (Electrolytic Capacitor)E AH&stith A ZRIAE AR ol YA %7
S 9% A7 f=s 29 24990 YERSdTh
1
:c1 . '6‘? 1
I L
;’* : $+_ Lo
u.z{y
29 249 AHZANE AL A FHS 99 A7 =
flek 22 s2E Agete], APS AYsdsd, AP 5% AR P g, FHH
= A ¢S S5 A9 %2 E 2479 2
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F 247 A2 FF} Albel] &

LA = BN
& 1100 pF 733 uF 235 pF 110 pF 22 uF
Al ZF (mV) (mV) (mV) (mV) (mV)
5s 20.3 34.2 93.8 194.6 1032.6
10s 38.5 60.1 202.1 370.8 19145
15s 58.7 91.3 300.3 544.3 2674.9
20s 8.2 118.7 410.8 734.1 3512.6
25s 101.3 152.6 4975 893.8 4063.7
30s 120.9 186.3 580.2 1041.3 4725.8
35s 148.2 220.1 661.7 1192.3 5254.1
40s 165.5 251.7 744.6 1354.6 5746.3
45s 190.9 273.6 834.7 15014 6384.2
50s 210.1 296.7 924.6 1654.0 6812.7
55s 234.5 323.2 1023.1 1791.7 7251.4
60s 256.2 350.9 1170.5 1923.6 7513.2

AT 2 A3 TN AL 22 pFe ARSE Ao SAEe] JHE 2uE, ofE A,
Sl TS AAeAn. sHA ofFHA AREEA 2 F% 1.8 V, 10 mAe &&= Z= LED
>r=
¢}

o =714 o2 LEDE T5%

ro
N
[@))
23
1o,
o
)
1
e
filo
=)
L <

g Ay FEey] A Ao =64
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Time History Data

1E0

o o.004 o.014 o.02 o.0zs .03 o_0z24
Time {sec)
a9 257 AFeolssts AET
¥ 253 ©H rdlo] af-AdES
Frequency
Mode No
rad/sec cycle/sec
1 10.1558 1.6163
2 40.3626 6.4239
3 89.8614 14.3019
4 157.4599 25.0605
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¥ 254 1% #% 60 km/h Peak Data

k! A
T
A Zk(sec) | ¥ (KN) | AlZH(sec) | WHE(KN)
2 A A
0.106 -8.09725 1.714 -15.2465
Peak
T WA
0.286 -14.0813 1.882 -8.72196
Peak
¥ 255 1% A% 80 km/h Peak Data
o Al A A
AlZH(sec) | HFE(KN) | Al ZH(sec) | ¥FHE(KN)
A A
0.070 -7.84073 1.272 -15.4597
Peak
T WA
0.194 -12.8558 1.420 -7.5918
Peak

a9 2512 ~ 139 (OFEe] Peak UHlo|EE o] &3 H WA Peak®] AlZbxte} F A
Peak?] A 7HAE 71Aal 25 48 = Ak 15 2% 60 km/holl A A WA Peake] A]7Fxk
© 1.608% F WA Peak®] AlZHAE 1596%0lth TR o7t 30 m o]BE HEE TR
A Zb 672 kmv/h, 67.7 km/h7F W2tk ol ¥ £% 60 km/het oF 12 % A5 Bl
1% A% 80 km/hd w1 2+ A WA Peak? + WA Peak®] A7FAb= 74 1.202%, 1.226% 9]
th 30 m ZolZ £%2Z 7 2zt 89.9 km/h, 881 km/h7F vrear Zhz: oF 12 %9} 10 % &
A2 BT
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¥ 256 2% 2% 60 km/h Peak Data

A A =4
TE
A ZH(sec) | ¥ (KN) | AlZH(sec) | WHE(KN)
2 A A
0.106 -12.7243 1.731 -23.4583
Peak
N l 0.286 -23.019 1.883 -12.5344
Peak
¥ 257 2% A% 80 km/h Peak Data
Al A =4
8
A ZH(sec) | ¥ (KN) | AlZH(sec) | WHE(KN)
21 A A
0.070 -12.3212 1.292 -24.3724
Peak
T A
0.209 -20.7102 1.429 -11.6547
Peak

a9 2514 ~ 159 A WHA Peake] AlZFFel 7 WA Peakd AlHAE 7HA 1 25
T Atk 2= 2% 60 km/holl Al A WA Peakd A 7FxbE 16252 5 WA Peak®] A 7Fxb
= 1597x0olt, ©@sH dol7F 30 m o|EE £5E FIlEYH ZF 665 km/h, 67.6 km/h7F Y=

et

th ool 9Ee £ 60 km/het 247 oF 11 %9F 13 % A5 KAt
1% 2% 80 km/hd wie] ZF 3 WA Peak? + WA Peak®] AlZFAF= Zb 1.222%, 1.211%

oltt, 30 m #Hol® £EE oty ZF 884 km/h, 89.2 km/h7F v ar ZHzE oF 10 %% 11 %
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¥ 258 3%F A% 60 km/h Peak Data

k! A
T
A ZH(sec) | ¥ (kN) | Al ZH(sec) | WHE(KN)
2 A A
0.106 -24.2918 1.732 -57.5494
Peak
T A
0.286 -61.7648 1.918 -41.5552
Peak
¥ 259 3% A% 80 km/h Peak Data
A A =4
T
AlZH(sec) | ¥FE(KN) | Al 7H(sec) | ¥FE(kN)
2 HA
0.070 -23.5222 1.292 -61.7829
Peak
T+ WA
0.209 -55.5854 1.430 -39.2985
Peak

1% 2516 ~ 17¢] A WA Peake] AlZbAbet 7 WA Peake] AZPAE 7HAAL £EE
F Atk 3F A% 60 km/hell A A HA Peak®] AZPARE 1626% S+ WA Peak®] AJZFA:
1.632%0°]th, @R Zol7k 30 m olB® £E5 FeEW 7 664 km/h, 66.2 km/h7b -2
th ool 9Ee £ 60 km/hek oF 10 % A5 HATH

15 2% 80 km/he el Z4 3 WA Peak?t = WA Peak®] AZbab= ZF 1.222%, 1.221%
ojth. 30 m AolZ £x& Fatd 7+ 884 km/h, 835 km/h7} Wb oF 11 % 2a7F Bt
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% 2510 3F

(24 50%) 60 km/h Peak Data

Al A =3

TE
Al Z(sec) | ¥FE(KN) | AlZH(sec) | WFEH(KN)

2 A A
0.106 -36.4376 1.732 -86.9181

Peak

T A
0.286 -92.6472 1.918 -62.3328

Peak

#2511 3F A4 50%) 80 km/h Peak Data

Al A =4
Tt
AlZH(sec) | ¥FE(KN) | Al 7H(sec) | ¥FE(kN)
A 1A
0.070 -35.2833 1.292 -92.6743
Peak
T WA
0.209 -83.3781 1.446 -60.3995
Peak

a9 2518 ~ 199 A WA Peake] AlZEzbe} F WHA| Peake] A&
gk = 9tk 2% A 60 km/holl A A WA Peak®] AlMAE 1.626%
= 1.632%0|th ©@H Zo]7F 30 m oBRE £2E R ZF
t} ol= YPE3 £ 60 km/het oF 10 % 235 H.T)

15 2% 80 km/hd wje] 2z} 3 WHA| Peaky} T+ WA Peak<] Z}
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2 ug

a9 2516 ~ 17% output data® W]wsHH JE 3k 50 %HEFe] HEE
olxdH WHAA SHANETE A= DB vluE AsFe] 49 A E
ol AAA ek o Wl ¢S Muws BH AFS BHT & Aok
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Mode | Frequency Period

No. | (cycle/sec) (sec)

1 3.294637 0.303524

2 3.8263 0.261349

3 4.890951 0.204459

4 9.366595 0.106762

5 13.43285 0.074444

6 14.19409 0.070452
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Abstract

This paper presents a multi-functional bridge bearing conceived by introducing a piezoelectric
(PZT) element within conventional pot bearing or rubber elastomeric bearing. Bridge bearings are
devices that transfer loads and movements from the deck to the substructure and foundations of a
bridge. Bearings are thus continuously subjected to the loads of vehicles crossing the superstructure,
and they are also subjected to the weight of the superstructure. The proposed bearing has been
developed to respond to the increasing demand for self-powered sensing devices for the monitoring of
bridges by using the vibration-based mechanical energy produced by the traffic load. This PZT element
not only supplies the electrical power required for the operation of the embedded sensing and lighting
systems but can also be used to perform real-time monitoring of the traffic by adopting built-in load
measuring functions such as those in bridge-weigh-in-motion (BWIM) systems. The feasibility of the
proposed system is discussed through its application to an example bridge.

Keywords: Bridge Bearing, Piezoelectric Material, Energy Harvesting, Traffic Monitoring

1. Introduction

Ambient vibration is naturally present in multiple environments, and it generates energy that is
commonly unused and goes to waste. Several methods using electromagnetic induction, electrostatic
generation, dielectric elastomers, or piezoelectric materials were developed to extract the electrical
energy produced by this source. Among these methods, research on energy harvesting using
piezoelectric (PZT) material has recently seen rapid development. Through the piezoelectric effect, the
PZT material converts mechanical strain into electrical voltage. The PZT effect can be implemented to
harvest mechanical energy from the vibration or compression of a PZT block.

Recently, research has been conducted in the area of energy harvesting to supply energy to portable
and wireless devices. The energy supply of former devices essentially relied on batteries, but these
batteries required regular replacement and the devices were generally installed in zones with poor
accessibility. In view of such inconveniences, self-powered devices using ambient vibration energy are
rising as promising solutions and are today the center of numerous research projects [1, 2]. Howells
summarized the latest development achieved in the field of piezoelectric energy harvesting [3].
Vibration-based mechanical energy is the most ubiquitous and accessible energy source in the
surroundings. Harvesting this type of energy has potential for remote and wireless sensing, charging
batteries, and the powering of electronic devices [4].

The field of civil engineering has also seen growing interest in such devices, which could supply
continuous electrical power to wireless sensors installed to monitor the displacement and acceleration
of bridge structures. Conventional wired monitoring systems required excessive investments not only
for the installation of wires but for the periodical replacement of batteries. Therefore, the adoption of
such self-powered devices represents an attractive alternative in terms of costs and maintenance efforts.
Moreover, civil structures, such as bridges or roads that are incessantly crossed by vehicles, are subject
to ambient vibrations of which use appears to be a natural and cost-efficient solution.

This paper presents a multi-functional bridge bearing in which PZT material, lead zirconate titanate,
is built-in. The bearing has been conceived by introducing a PZT element within conventional steel pot
bearings or rubber elastomeric bearings. This PZT element not only supplies the electrical power
required for the operation of the embedded sensors but can also be used to perform real-time control of

Advances in information Sciences and Service Sciences(AISS) 142
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the passage of overloaded trucks by adopting a built-in load measuring function. Innowattech, an
Israeli company, has already proposed and successfully applied a PZT device, embedded in asphalt
road pavement, to harvest the vibration energy produced by traffic [5]. However, as this device is
installed in the pavement, its durability may be degraded due to direct exposure to traffic load, and it
may need to be reinstalled in cases of repair or replacement of paving material. Additionally, the
proposed multi-functional bridge bearing is a natural component of the bridge and is indirectly
subjected to traffic load. In addition, as well as its energy harvesting function, the proposed bearing
offers a traffic load function that will help the maintenance of the bridge. The feasibility of the
proposed system is discussed through its application on an example bridge.

2. Energy harvesting using PZT

2.1. Energy harvesting

Energy harvesting is the process by which energy is derived from external sources such as solar power,
thermal energy, wind energy, and kinetic energy; the energy is captured and stored for small, wireless
devices. The goal of an energy harvesting device is to capture the would-be wasted energy surrounding a
system and to convert it into usable energy for the electrical device to consume. The advantage is that,
instead of using cost-demanding input fuel, the energy source for energy harvesters is free and is present
as ambient background. By utilizing these unused energy sources, electronics that do not depend on
power supplies, such as batteries, can be developed. The ambient vibrations generated around machines
and civil structures are typically lost energy. This source of energy is ideal for the use of PZT materials,
which have the ability to convert mechanical strain energy into electrical energy [6].

2.2. Piezoelectricity

Piezoelectricity refers to the charge which accumulates in certain solid materials, such as crystals,
and certain ceramics in response to applied mechanical stress [7]. Piezoelectricity was discovered in
the 19th century to be an unusual characteristic of certain crystals, which became electrically polarized
when subjected to a mechanical force. Tension and compression generated voltages of opposite
polarity proportionally to the applied force. This behavior was labeled the piezoelectric effect and is
described in Figure 1. The piezoelectric effect is used in sensing applications, such as in force or

displacement sensors.
S,
1) L
N
®

(a) (b)
Figure 1. Piezoelectric effect

Poling axis

Accordingly, a piezoelectric substance produces an electric charge when mechanical stress is
applied. Concretely, mechanical compression or tension on a poled piezoelectric ceramic element
changes the dipole moment, creating a voltage. Figure la shows the piezoelectric material without
stress or charge. Compression along the direction of polarization, or tension perpendicular to the
direction of polarization, generates a voltage of the same polarity as the poling voltage between the
electrodes (Figure la). Tension along the direction of polarization, or compression perpendicular to the
direction of polarization, generates a voltage with polarity opposite that of the poling voltage (Figure
1b). These are generator actions in which the ceramic element converts the mechanical energy of
compression or tension into electrical energy.
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Piezoelectric materials can be used to transform ambient vibrations into electrical energy that can be
stored and used to power other devices. With the recent surge of micro scale devices, piezoelectric
power generation can provide a convenient alternative to traditional power sources used to operate
certain types of sensors and actuators [6].

Among methods that increase the amount of energy harvested from a PZT, the improvement of the
coupling mode is the most commonly applied. Two practical coupling modes are introduced: the 31—
mode and the 33—mode. In the 31-mode, a force is applied in a direction perpendicular to the poling
direction; an example of this is a bending beam with poles at the top and bottom surfaces (Figure 2a).
In the 33—mode, a force is applied in the direction of the poling direction, such as the compression of a
PZT block that is poled on its top and bottom surfaces (Figure 2b). Former results showed that with a
small force, low vibration level environment, the 31—configuration cantilever proved most efficient,
but, in a high force environment, a stack configuration would be more durable and would generate
useful energy [8].

(a) 31-mode (b) 33—mode

Figure 2. Coupling mode operations for PZT materials
3. Proposed multi-functional bridge bearing with built-in PZT material
3.1. Underlying concept

A bridge structure can be divided into two main parts: superstructure and substructure. The
superstructure supports its own weight, and the traffic load, whereas the substructure bears the load
from the superstructure. The transmission media is the bearing, a device transferring loads and
movements from the deck to the substructure and foundations of the bridge. Bridge bearings
movements are accommodated by the basic mechanisms of internal deformation, sliding, or rolling. A
large variety of bearings have evolved using various combinations of these mechanisms. Bearings are
arranged to allow the deck to expand and contract while maintaining the deck in its correct position on
the substructure. These bearings are thus continuously sustaining the loads of the vehicles crossing the
superstructure as well as the weight of the superstructure.
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Figure 3. Functions of the proposed bridge bearing
The concept underlying the proposed multi-functional bearing is to exploit the unused traffic load for
generating power through the use of PZT (Fig. 3). Such environment-friendly energy will be useful in
supplying power to the monitoring system of the bridge and road lighting. This monitoring system
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involves the measurement of the vehicular load applied to the bridge by means of electrical energy
generated by the PZT, the measurement of eventual unbalanced forces between the bearings during the
construction of the bridge, and the detection of overloaded trucks exceeding the design load, which
may affect the structural health of the bridge. The last function will also help reduce costs caused by
temporary closure of traffic during load control, as well as costs required for personnel needed for the
control task, and will contribute to the extended lifetime of the structure [9].

Additional costs required to manufacture and install the proposed system can be recovered by
reselling remaining energy to the Electric Power Corporation. The current governmental policy
promoting the development and exploitation of renewable energies supports a budget to refund energy
produced in surplus with a lower price than that specified by the Ministry of Knowledge Economy.
Table 1 shows the arrangement of levels of refunding for different types of renewable energies, since
2004 [10].

Table 1. Evolution of refund level per type of renewable energy in Korea (unit: KRW/kWh)

Type of renewable energy 2004 2006 2010
Solar energy (ordinary site, 15 yrs) 716.40 677.38 646.96
Wind energy 107.66 107.29 107.29
Water-power (> 1 MW) 73.69 86.04 86.04
Tidal power (higher than 8.5 m) 62.81 62.81 62.81

As shown in Table 1, PZT-based energy harvesting is not included in the list. However, as PZT-
based energy is harmless and uses wasted sources, one can predict that the funds supported by this new
type of energy will exceed those of solar energy. Accordingly, the level of refund established for solar
energy is applied for PZT in this study.

3.2. Description of the proposed bridge bearing with built-in PZT material

Figure 4 depicts the composition of the proposed multi-functional bridge bearing using PZT. Pot
bearing is composed by a polytetrafluoroethylene (PTFE) plate disposed inside a steel pot, which
presses the top of the PTFE. The PTFE functions like a viscous fluid inside a hydraulic jack, and the
top steel plate behaves like a piston. Inside the pot, the deformation of the PTFE is restricted. Pot
bearings are designed to carry combinations of vertical loads, horizontal loads, longitudinal and
transversal movements, and rotations. This type of bearing can carry very heavy loads of over 50,000
kN. The PZT is inserted between the piston and PTFE plate to harvest energy and measure the applied
loading. With the exception of the PZT module, the generation of energy using PZT requires a series of
equipment including electrical insulation, electrodes, an inverter, and a joint box. The joint box is
connected to the inverter in order to transform the current from DC to AC. In addition, the monitoring
system continuously monitors the presence of eventual anomalies, performs diagnoses, and reports
possible defects.

—
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Figure 4. Pot bearing using PZT [9]
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4. Feasibility of the proposed bridge bearing

The feasibility of the proposed multi-functional bridge bearing system, in terms of efficiency of
traffic monitoring and cost-effectiveness, is discussed through application to an example bridge.

4.1. Traffic monitoring using the proposed bridge bearing

As the passage of overweight trucks, whether legal or illegal, causes premature fatigue of the bridge
pavement and structure, it is necessary to estimate the weight of the trucks crossing the bridge in order
to evaluate the safety of the bridge, calculate its residual service life, and draw corresponding
maintenance strategies [11]. Bridge-weigh-in-motion (BWIM) is widely applied today to measure the
weight of vehicles. This system uses a bridge as a weigh-platform, and the parameters of heavy traffic
are measured in order to obtain informative data. The conventional WIM comprises a number of basic
components of which the mass sensor is the most important. The mass sensor embedded in the surface
of the pavement produces a signal whose value depends on the instantaneous dynamic wheel mass of a
moving vehicle. Detailed information on BWIM can be found in [12] and [13].

Compared to conventional vehicle weight estimating systems, the advantage of the proposed bridge
bearing is its installation without the necessity of additional works and without damage to the
pavement; this occurs because it is a natural component of the bridge. The proposed bearing makes it
possible to realize accurate measurement of the vehicle’s weight through the reaction at the bearing [9].

Figure 5 depicts the BWIM system concept using the proposed bearing. In Figure 5, w;, is the weight
of the n™ wheel of the truck, X denotes the position of the wheel load on the bridge deck with respect to
the bearing, rai(X) is the influence line of the reaction force according to the position, X, of the wheel
load, and Rai(X) is the reaction force at bearing A;. The relationships between these variables are given
in Equations 1 and 2.

rAE(-x_LI)i‘———' :;
ragr=L1)
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Figure 5. BWIM concept using the reaction force of the proposed bearing

The reaction force developed in each bearing can be computed using the wheel loads and
corresponding influence lines for the reaction force, as expressed in Equation (1). The resulting
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reaction force at each support is then computed by summing the reaction forces of each bearing
arranged in the support, as expressed in Equation (2).

RA,(X):erA, (x—sl)+W2rAi(x—sz)+W3rAi(x—s3) 0
Ra, (X)=W,ry (x=5,)+W,ry (x=5,)+W;ry (x—s;)

Ra(X)=Rp (x)+ Ry (x) ()

Using such relations, the load applied on the supports can be easily computed by converting the
electric signal of the built-in PZT. In the near future, prototypes of the proposed bearing will be
fabricated, and tests will be conducted to verify the feasibility of the conversion of the signals produced
by the bearings into loads.

4.2. Cost-effectiveness of the proposed bridge bearing

In this paper, a 4-lane PSC bridge composed of 8 PSC girders is assumed for the evaluation of the
efficiency of the proposed bearing system. A total of 16 PZT bearings shown in Figure 4 are installed
in the bridge. Figure 6 illustrates the bridge installed with the bearings [14].

Figure 6. PZT-bearings installed in the selected PSC bridge

For the evaluation, the bridge is assumed to be located in a site with regular traffic, such as an urban
area, highway or harbor. Here, the harbor is selected because of the traffic of heavy trucks that will
increase the efficiency of the proposed system. In addition, as the traffic in harbor can be precisely
calculated, this location appears to be adequate for reasonable computation of the amount of energy
harvested by the multi-functional bridge bearing. Shinhang Wharf, in the Busan Port, is being featured
by the largest traffic and is selected for the calculation [15].

Table 2 relates the specifications of the piezoelectric system adopted in this study, and Table 3 lists
the detailed installation costs per item with regard to the energy-harvesting equipment mentioned
earlier. The costs in Table 3 correspond to those computed for Shinhang Wharf.

Table 2. Specifications of the PZT system

PZT module Characteristics Value
@A0+2T+EEA Voltage out 40V
- - Current out 3 mA
P Radius 150 mm
'\._.—7_ ____—— Thickness 2mmx 5
T Operating temperature -20 to 150°C
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Table 3. Installation costs of the energy harvesting system

Equipment Unit price (KRW) Quantity Cost (KRW)
PZT module (2 mm) 10,000 80 800,000
Joint box 3,000,000 1 3,000,000
Inverter 25,000,000 1 25,000,000
Monitoring system 5,000,000 1 5,000,000
Total — — 33,800,000

Table 4 presents the calculation of the amount of energy harvested by the proposed multi-functional
bridge bearing system installed in the selected PSC bridge and crossed by the volume of traffic of
Shinhang Wharf, in Busan Port. The volume of traffic refers to the data of the year 2010, as reported by
the Busan Port Authority [15].

Table 4. Calculation of power generated by the proposed system installed in the example bridge
Energy generated by PZT per loading cycle 0.12 W
0.12 W x 80 x 5,480,000
= 52,608 kWh/year
52,608 kWh x 646.96
=34,035,271 KRW/year

Energy generated by 80 PZTs and crossing of 5,480,000 vehicles

Conversion into selling revenue

Table 4 calculates the yearly power generated by the multi-functional bridge bearing installed in the
selected PSC bridge located near Shinhang Wharf and converts this into selling revenue. As can be
observed, the calculation shows that the initial cost required by the equipment for energy harvesting
can be recovered within a year. In terms of electrical power, the generated amount of electricity is
sufficient to supply power to 48 street lamps in the case of 250 W sodium bulbs during one year, or
100 LED lamps (120 W) during the same period. Moreover, in addition to supply power for lighting,
the proposed system also has sufficient autonomy to supply power to the diverse sensors involved in
monitoring.

Had the calculation been performed for a wharf with frequent crossing by heavy trucks (containers),
the proposed system could have also been applied to sites with a smaller volume of traffic. In such
cases, recovery of installation costs should be considered. Assuming the service life of the PZT is 5
years, and installation cost is comparable to the example, a minimum of 1,090,000 vehicles per year

seems to be the threshold determining the cost-effectiveness of the proposed system, as shown if Figure
7.

B0,000,000—

60,000,000

40,000,000
Cost-effectiveness threshold

4 (recovery within 1 year of operation)

20,000,000+

Energy selling revenue (KRW)

T T T T T T T T T 1
0 2,000,000 4000000 6,000,000 8,000,000 10,000,000

Number of vehicles
Figure 7. Income by selling of generated power according to number of loading cycles [14]
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Another point to be stressed is that, since PZT is built in the bridge bearing, the proposed multi-
functional bearing will fulfill its primary purpose during its design lifetime of 50 years, regardless of
the lifetime of PZT. Accordingly, the proposed bridge bearing with built-in PZT may be implemented
as a supplemental source of electrical power of which the cost of the bearing, and the additional cost
due to energy harvesting system, can be recovered with large margins within a period of 5 years.

5. Conclusions

As ambient vibration energy is naturally present in many environments, but commonly goes unused,
vibration-based mechanical energy is the most ubiquitous and accessible energy source in our
surroundings. Accordingly, with the intent to respond to the increasing demand of self-powered
sensing devices, this paper presents a multi-functional bridge bearing with built-in PZT material, using
traffic load-induced vibrations. The bearing has been conceived by introducing a PZT element within
conventional steel pot bearings or rubber elastomeric bearings. This PZT element not only supplies the
electrical power required for the operation of the embedded sensors but can also be used to perform
real-time control of the passage of overloaded trucks by adopting a built-in load measuring function.
Compared to conventional vehicle weight estimating systems, the advantage of the proposed bridge
bearing is its installation without the need for additional works or risking damage to the pavement; this
is possible because the proposed bearing would be a natural component of the bridge. Theoretical
computation showed that the proposed bearing can realize accurate estimation of the vehicle’s weight
through the measurement of the reactions at the bearings. The cost-effectiveness of the proposed
system was evaluated through a simple PSC bridge located in a zone with dense traffic of heavy trucks.
The results showed that the proposed multi-functional bridge bearing with built-in PZT material can
sufficiently supply electrical power not only for the facilities attending the bridge-like road lighting and
signaling but also for the recovery of initial additional costs required by the system. This paper, as a
preliminary study on the feasibility of the multi-functional bridge bearing, proved the promising
potential of the proposed system. Prototypes of the proposed bearing will be fabricated in the near
future, and tests will be conducted to verify, through experiments, the exact computation of the amount
of generated energy as well as the accuracy of the electric signals produced by the PZT.
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Bridge bearings are indispensable devices transferring loads and movements from the deck to the substructure
and foundations of the bridge. Bearings are thus continuously subjected to loads of the vehicles crossing the
superstructure and the weight of the superstructure. An innovative and multi-functional bearing is being devel-
oped to respond to the increasing demand of self-powered sensing devices for the monitoring of bridges by
harvesting the vibration-based mechanical energy produced by the traffic load. This paper presents the results
of preliminary tests on a piezocomposite generating element (PCGE) material element that will be built-in a
conventional bridge pot bearing. This PCGE not only supplies the electrical power required for the operation
of the embedded sensing and lighting systems but can also be used to perform real-time monitoring of the
traffic by adopting built-in load measuring function like in bridge-weigh-in-motion systems. The results of the
preliminary tests focus on the feasibility of the adopted PCGE in measuring accurately the traffic loads applied
on the bridge and in harvesting the energy produced by the applied wheel loads.

Keywords: Bridge Bearing, Piezocomposite Generating Element, Energy Harvesting, Traffic Monitoring.

1. INTRODUCTION

Vibration-based mechanical energy is the most ubiquitous and
accessible energy source in the surroundings.! Energy harvesting
technology, which converts commonly unused ambient energy
into useable electrical energy, may be exploited to power devices
that in many cases rely heavily on batteries. Energy harvest-
ing is becoming an attractive source of power for a variety of
devices, especially where the environmental and economic costs
of maintaining batteries are unaffordable. The methods used for
the transduction of these energy sources into useable electrical
energy include photovoltaic, thermoelectric, electromagnetic and
piezoelectric materials. Among them, research on energy harvest-
ing using piezoelectric (PZT) material has recently recognized
rapid evolution. Through the piezoelectric effect, the PZT mate-
rial converts mechanical strain into electrical voltage. The PZT
effect can be implemented to harvest mechanical energy from
vibration or compression of a PZT block.>3

The civil engineering community recognized also the potential
benefit of such devices to supply continuously electrical power
to wireless sensors installed to monitor the displacement and
acceleration of bridge structures. Conventional wired monitoring
systems require excessive investments not only for the installa-
tion of wires but also for the periodical replacement of batteries.

*Author to whom correspondence should be addressed.
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Therefore, the adoption of such self-powered devices represents
an attractive alternative in terms of costs and maintenance efforts.
Moreover, civil structures like bridges or roads being incessantly
crossed by vehicles are by means subjected to ambient vibra-
tions of which use appears to be a natural and cost-efficient
solution.?

This paper presents preliminary tests performed to achieve a
multi-functional bridge bearing in which a PZT material, lead
zirconate titanate, is built-in. The bearing is conceived by intro-
ducing adequately a PZT element within a conventional steel
pot bearing. This PZT element not only supplies the electri-
cal power required for the operation of the sensors but can
also be used to perform real-time control of the passage of
overloaded trucks by adopting built-in load measuring function.
Innowattech,* an Israeli company, already proposed and applied
successfully a PZT device embedded in asphalt road pavement to
harvest the vibration energy produced by traffic. However, since
this device is installed in the pavement, its durability may be
degraded due to direct exposition to traffic load and it needs to
be reinstalled in case of the repair or replacement of the paving
material. Besides, the proposed multi-functional bridge bearing
is by means a natural component of the bridge that is indirectly
subjected to traffic load and thus less vulnerable to environmental
degradation. In addition, apart from its energy harvesting func-
tion, the proposed bearing also offers traffic load function that
will help the maintenance of the bridge.

doi:10.1166/as1.2013.4714 37
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The authors already demonstrated the feasibility of the pro-
posed bridge bearing in terms of its cost-effectiveness through
an application to an example bridge.? In this paper, preliminary
test results are presented and focus on the potential of the pro-
posed bridge bearing in measuring accurately the traffic loads
applied on the bridge and in harvesting the energy produced by
the applied wheel loads.

2. ENERGY HARVESTING AND
PIEZOELECTRICITY

Abundant literature" %% has been dedicated on the topics of
piezoelectricity and energy harvesting. Brief definitions and des-
criptions are given here.

Energy harvesting is the process by which energy is derived
from external sources like solar power, thermal energy, wind
energy, and kinetic energy, captured, and stored for small, wire-
less devices. The goal of an energy harvesting device is to capture
the usually wasted energy surrounding a system and convert it
into usable energy for the electrical device to consume. By utiliz-
ing these unused energy sources, electronics that do not depend
on power supplies, such as battery, can be developed. Typically
lost energy is the ambient vibrations generated around machines
and civil structures. This source of energy is ideal for the use
of PZT materials, which have the ability to convert mechanical
strain energy into electrical energy.’

Piezoelectricity is the charge which accumulates in certain
solid materials like crystals and certain ceramics in response to
applied mechanical stress. Piezoelectricity has been discovered
in the 19th century as an unusual characteristic of certain crys-
tals, which became electrically polarized when subjected to a
mechanical force. Tension and compression generated voltages of
opposite polarity proportionally to the applied force. This behav-
ior was labeled the piezoelectric effect. The piezoelectric effect
is used in sensing applications, such as in force or displacement
sensors. Accordingly, a piezoelectric substance is one that pro-
duces an electric charge when a mechanical stress is applied.
Concretely, mechanical compression or tension on a poled piezo-
electric ceramic element changes the dipole moment, creating a
voltage. Piezoelectric materials can be used to transform ambi-
ent vibrations into electrical energy that can be stored and used
to power other devices. With the recent surge of micro scale
devices, piezoelectric power generation can provide a convenient
alternative to traditional power sources used to operate certain
types of sensors and actuators.®

3. CONCEPT AND DESCRIPTION OF THE
PROPOSED BRIDGE BEARING WITH
BUILT-IN PZT MATERIAL

A bridge structure can be divided into two main parts: the super-
structure, which supports its own weight and the traffic load, and
the substructure, which sustains the load from the superstructure.
The transmission media is the bearing, which transfers loads and
movements from the deck to the substructure and foundations
of the bridge. Bridge bearings movements are accommodated by
the basic mechanisms of internal deformation, sliding, or rolling.
Bearings are arranged to allow the deck to expand and contract,
but retain the deck in its correct position on the substructure.
These bearings are thus continuously sustaining the loads of the
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vehicles crossing the superstructure as well as the weight of the
superstructure.

The concept underlying the proposed multi-functional bearing
is to exploit the unused traffic load for generating power through
the use of PZT (Fig. 1). Such environment-friendly energy will
be useful to supply power to the monitoring system of the bridge
and road lighting. This monitoring system involves the mea-
surement of the traffic load applied to the bridge by means of
the electrical energy generated by the PZT, the measurement of
eventual unbalanced forces between the bearings during the con-
struction of the bridge, and the detection of overloaded trucks
exceeding the design load, which may affect the structural health
of the bridge. The last function will also help to reduce the
costs caused by the temporary closure of traffic during load con-
trol, the costs required for the personnel needed for the con-
trol task, and contribute to the extension of the lifetime of the
structure.> %10

Figure 2 illustrates the composition of the proposed multi-
functional bridge bearing using PZT. Pot bearing is composed
by a polytetrafluoroethylene (PTFE) plate disposed inside a steel
pot, which presses the top of the PTFE. The PTFE functions like
a viscous fluid inside a hydraulic jack and the top steel plate
behaves like the piston. Inside the pot, the deformation of the
PTFE is completely restricted. Pot bearings are designed to carry
combinations of vertical loads, horizontal loads, longitudinal and
transversal movements, and rotations. This type of bearing can
carry very high loads of over 50,000 kN. The PZT is inserted
between the piston and PTFE plate to harvest energy and measure
the applied loading. Apart from the PZT module, the generation
of energy using PZT requires a series of equipment including
electrical insulation, electrodes, inverter, and joint box. The joint
box is itself connected to the inverter to transform the current
from DC to AC. The inverter is currently under development by
our research team. In addition, the monitoring system monitors
continuously the presence of eventual anomalies, performs diag-
nosis and reports any possible defect.? '

PZT
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Fig. 2. Proposed pot bearing using PZT.21°

|t
[

:

[




Adv. Sci. Lett. 19, 3741, 2013

4. PRELIMINARY TESTS ON
THE PIEZOCOMPOSITE
GENERATING ELEMENT

A high performance piezocomposite generating element (PCGE)
is selected as material to be introduced in the bridge bearing.
Since lead zirconate titanate (PZT) is known to be a brittle and
fragile material under the application of mechanical strain,® mul-
tilayered PCGE composed of layers of carbon/epoxy, piezoelec-
tric lead zirconate titanate (PZT) ceramic, and glass/epoxy cured
at high temperature (Fig. 3) has been developed to overcome the
brittleness of the material and provide larger output voltage and
power.!!

A previous study!! revealed that the proposed PCGE exhibits
potential to be used as generator for harvesting energy from
the ambient energy environment. Moreover, the structure chosen
for the PCGE enables to overcome the brittle properties of the
piezoceramic owing to its proper layup combination. Figure 4
illustrates a PCGE manufactured for the test. Figure 5 shows a
small-scale pot bearing in which the PCGE will be introduced.

The test intends to verify if the PCGE inserted inside the
pot bearing will be able to provide accurate information of the
load applied to the bearing through its output voltage. Figure 6
presents the corresponding test setup. A vertical jig is installed
so as to let a steel mass slide along the rail attached to the jig.
The mass is dropped from various heights to simulate diverse
loads that will hit the PCGE tightly fastened between two rubber

Glass/epoxy
(39%14x0.09mm3)

Carbon/epoxy
(87x12x0.1mm3)

PZT ceramic
(87x12x0.25mm?3)

Moment arm: 1.875mx107%

Bending stiffness: 1.967 N-m2x10~2
«—0.62mm

Carbon/epoxy layer:
«—0.52mm
Neutral axi Glass/epoxy layer 0.43
eutral axis .43mm
n—»---Glass/epnxy-iayer---:_'
0.403mm
- : +«— 0.34mm
Piezoceramic layer
Cllasal | «—0.09mm
Bottom _, ass/epoxy layer — 0.0mm

Fig. 3. Example of PCGE."

Fig. 4. Manufactured PCGE.
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Fig. 5. Reduced-scale pot bearing prototype.

layers as in the pot bearing. Considering that the pot bearing will
sustain continuously the weight of the superstructure and will
be excited mainly by the wheels of the vehicles running on the
superstructure, this setup appears to sufficiently reproduce the
conditions in which the PCGE will be exposed.

The PCGE is connected to a data acquisition system (NI
c¢DAQ-9178) equipped with a voltmeter (NI-9225) and load cell
(SM-500L CAS, NI-9237) to measure the output voltage and
applied loads when the mass hit the PCGE.

Furthermore, the manufactured PCGE samples have limited
areas (24 x 24 mm). However, PCGE will cover the whole effec-
tive area of the pot bearing (¢10 cm) in the future bridge bearing
prototype. Accordingly, the test will also consider parallel con-
nection of several PCGE since larger area of the piezoceramic
will provide larger electricity generating performance. Therefore,
tests were conducted first on a single PCGE and, then, on two
PCGEs connected in parallel. The corresponding results are plot-
ted in Figures 7 and 8.

The test results plotted in Figures 7 and 8 show that a clear
relation between the applied load and output voltage of the PCGE
can be derived. It can also be observed that the parallel connec-
tion of two PCGEs will enable to generate larger output voltage.
Considering that wheel loads reach approximately 50 kN, the
output voltage will exhibit larger values than those obtained for
the small masses (179 g and 390 g) adopted in the tests. These
results indicate the potential feasibility of the PCGE in measur-
ing the traffic loads for monitoring purpose and in generating
electricity for energy harvesting.

Besides, as the passage of overweight trucks, whether legal
or illegal, causes premature fatigue of the bridge pavement and
structure, it is necessary to estimate the weight of the trucks
crossing the bridge in order to evaluate the safety of the bridge,

Fig. 6. Test setup for verification of the load measurement capacity of the
proposed built-in system.
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Fig. 7. Relation between applied load and output voltage of single PCGE
according to release height of mass (176 g).

calculate its residual service life, and draw corresponding main-
tenance strategies.'> Bridge-weigh-in-motion (BWIM) is widely
applied today to measure the weight of vehicles. This system uses
a bridge as a weigh-platform, and the parameters of heavy traffic
are measured in order to obtain informative data. The conven-
tional WIM comprises a number of basic components of which
the mass sensor is the most important. The mass sensor embed-
ded in the surface of the pavement produces a signal whose value
depends on the instantaneous dynamic wheel mass of a mov-
ing vehicle. Detailed information on BWIM can be found in the
works of Quilligan et al.'* and Deesomsuk et al.'*

Compared to conventional vehicle weight estimating systems,
the advantage of the proposed bridge bearing is its installation
without the necessity of additional works and without damage
to the pavement; this occurs because it is a natural component
of the bridge. The proposed bearing makes it possible to realize

3000

2500

_—

2000 /, Applied load (N)
=

1500

1000 aaac,aaﬂ=°=‘°°
=
coopoe=® Output voltage (10~' V)
500
0

50 60 70 80 90
Dropping height of mass (cm)

Fig. 8. Relation between applied load and output voltage of two PCGEs in
parallel according to release height of mass (390 g).
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Fig. 9. BWIM concept using the reaction force of the proposed bearing.?

accurate measurement of the vehicle’s weight through the reac-
tion at the bearing.’

Figure 9 depicts the BWIM system concept using the proposed
bearing. In Figure 5, w, is the weight of the nth wheel of the
truck, x denotes the position of the wheel load on the bridge
deck with respect to the bearing, r, (x) is the influence line of
the reaction force according to the position, x, of the wheel load,
and R, (x) is the reaction force at bearing A;. The relationships
between these variables are given in Egs. (1) and (2).

The reaction force developed in each bearing can be computed
using the wheel loads and corresponding influence lines for the
reaction force, as expressed in Eq. (1). The resulting reaction
force at each support is then computed by summing the reaction
forces of each bearing arranged in the support, as expressed in
Eq. (2).2

RAI (x)= erA] (x—sy) +W2VA1 (x—5)+ W3"A1 (x—s3)
RAZ(X) = erAZ(x_sl)+W2rA2(x_s2)+W3rA2(x_s3)

Ry(x) =Ry, (%) + Ry, (x) 2

(M

Using such relations, the load applied on the supports can be
easily computed by converting the electric signal of the built-in
PZT. In the near future, prototypes of the proposed bearing will
be fabricated, and tests will be conducted to verify the feasibility
of the conversion of the signals produced by the bearings into
loads.

5. CONCLUSIONS

Bridge bearings are indispensable devices transferring loads and
movements from the deck to the substructure and foundations
of the bridge. Bearings are thus continuously subjected to loads
of the vehicles crossing the superstructure and the weight of
the superstructure. Besides ambient vibration energy is natu-
rally present in many environments, but commonly goes unused,
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vibration-based mechanical energy is the most ubiquitous and
accessible energy source in our surroundings. Therefore, an inno-
vative and multi-functional bearing is being developed to respond
to the increasing demand of self-powered sensing devices for the
monitoring of bridges by harvesting the vibration-based mechan-
ical energy produced by the traffic load.

A high performance piezocomposite generating element
(PCGE) is selected as material to be introduced in the bridge
bearing. Previous studies reveal that the adopted PCGE exhibits
potential to be used as generator for harvesting energy from the
ambient energy environment. Moreover, the structure chosen for
the PCGE enables to overcome the brittle properties of the piezo-
ceramic owing to its proper layup combination.

Test intending to verify if the PCGE inserted inside the pot
bearing will be able to provide accurate information of the load
applied to the bearing through its output voltage were conducted.
The corresponding results indicate that a clear relation between
the applied load and output voltage of the PCGE can be derived
and the potential feasibility of the PCGE in measuring the traffic
loads for monitoring purpose and in generating electricity for
energy harvesting. Further tests will be carried out on a prototype
pot bearing with built-in PCGE together with the development
of adequate inverter in order to verify the applicability of the
proposed multi-functional bridge bearing.
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Abstract. The bearings of a bridge are indispensable structural members, which support the
superstructure, transfer the loads of the superstructure to the substructure and, accommodate the
horizontal and vertical motions of the superstructure caused by all types of loads like traffic. Such traffic
loads induce the bridge to vibrate but this energy is wasted. Therefore, a piezocomposite electricity
generating element (PCGE) has been introduced in the bearing to exploit effectively this vibrational
energy. The bridge bearing with built-in PCGE was seen to be effective for measuring the traffic loads
and, detecting eventual overloaded or overspeeding vehicles. In a will to optimize the amount of energy
generated by this bearing, this study compares experimentally the amount of electricity produced by the
PCGE with respect to its position in the bridge bearing through a series of dynamic loading tests to find
out the position of the PCGE providing the most efficient electricity generation.

Introduction

Bridges vibrate under the crossing of traffic but the corresponding vibrational energy is generally
wasted. Therefore, the application of the piezoelectric effect provided by certain non-conducting
materials has been adopted to exploit the energy generated by the motion or vibrations of the
superstructure. The piezoelectric effect stands for the property of certain crystals to produce electricity or
electric polarity by applying a mechanical stress. Besides, the bearings of a bridge are natural and
indispensable structural members, which support the superstructure, transfer the loads of the
superstructure to the substructure and, accommodate the horizontal and vertical motions of the
superstructure caused by all types of loads. Accordingly, the idea is to embed a piezoelectric material in
the bridge bearing to exploit the unused vibrational energy of the bridge so as to measure the traffic loads,
detect eventual overloaded or overspeeding vehicles. This solution enables to minimize the costs of
installation and protect the highly brittle piezoelectric material from direct application of the loads.
Moreover, in order to strengthen the resistance of the piezoelectric material to stresses and increase the
efficiency of electricity production, the piezocomposite electricity generating element (PCGE)
developed by our research team is introduced in the bearing [1].

Among the various types of bridge bearing, the widely applied pot bearing was selected and subjected
to a series of dynamic tests conducted using a universal testing machine (UTM). The tests were
performed by applying a permanent load with harmonic cyclic loads at different frequencies to simulate
the loading conditions of a real bridge bearing. The results showed a linear relationship between the
loading and the voltage output by the PCGE. The tests also revealed that the output voltage tended to
reduce with larger permanent load but this loss remained practically insignificant even when the
permanent load was doubled [2,3,4]. The linearity of the relationship between the loading and output
voltage made it possible to confirm that the so-developed bridge bearing with built-in PCGE will be
effective in measuring accurately the loads of the vehicle crossing the bridge.

In parallel with these tests, another series of tests was also implemented to increase the efficiency of
the electricity generated by the bridge bearing with built-in PCGE. To that goal, the output voltage
generated by the PCGE was compared for diverse positions of the PCGE inside the pot bearing to find



the optimal position of the PCGE among the available positions. These tests and the corresponding
results are presented in this paper.

Bridge Bearing with Built-in PCGE

The pot bearing shown in Fig. 1 was selected as a representative bridge bearing. Pot bearing is
composed by a polytetrafluoroethylene (PTFE) plate disposed inside a steel pot, which presses the top of
the PTFE. The PTFE functions like a viscous fluid inside a hydraulic jack, and the top steel plate
behaves like a piston. Inside the pot, the deformation of the PTFE is restricted. Pot bearings are designed
to carry combinations of vertical loads, horizontal loads, longitudinal and transversal movements, and
rotations (Fig. 1). Considering the small space available within the pot bearing, a thin piezocomposite
electricity generating element with dimensions of 76x76 mm (PCGE, Fig. 1) is inserted in the system.
The multilayered piezoelectric PCGE structure with six layers of piezoceramic, glass/epoxy, and
carbon/epoxy has been designed to enhance the durability of the PZT and increase its resistance to
compressive mechanical strains. The PCGE generator has been designed to enable the generating layer
to be kept apart from the flexural neutral surface of the generator so as to yield larger output voltage and
power.

Fig. 1 Pot bearing and its components (pot plate, elastomeric disc, brass sealing ring, piston with
PTFE, slide plate) and PCGE used in the tests

Test Setup

For the purpose of the tests, several layers of elastomer were adopted instead of the circular and
monolithic PTFE disc so as to be able to dispose the PCGE at diverse heights inside the bearing. The
position of the PCGE is varied from 0 mm (A), 2.4 mm (B), 3.6 mm (C) to 6.0 mm (D) from the steel
plate at the bottom as shown in Fig. 2. The heights of 7.2 mm and 12.5 mm could not be achieved due to
the presence of the brass sealing rings, which cut the connecting wires.

Brass sealing ring Slide plate Layered elastomeric disc

) W//////////////////%//////Az”

f‘T?'z mm 12:2mm

\Z‘i

130 mm
150 mm

i S //////////

Pot plate
Fig. 2 Shape of elastomeric disc inside the pot bearing and considered heights of PCGE



In order to simulate real conditions, live load of 150 kN in the form of a harmonic loading at
frequency of 1 Hz under a permanent load of 100 kN was applied using a UTM for the 4 considered
heights and the corresponding output voltages were compared. For the measurement, the PCGE was
connected to a data acquisition system (NI cDAQ-9178) equipped with a voltmeter (N1-9225) and load
cell (SM-500L CAS, NI-9237) to measure respectively the output voltage and applied loads during the
tests (Fig. 3).

(g

| 3 |
— 4]
Fig.3 Testing equipment: (1) UTM, (2) Installed pot bearing, (3) NI cDAQ-9178, (4) NI-9225 [5]

Test Results and Discussion

Fig. 4 plots the time histories of the output voltage measured for the considered heights of the
PCGE inside the pot bearing under permanent load of 100 kN and harmonic live load of 150 kN.

20 — 20 —|

Voltage (V)
|
Voltage (V)
|

20 —| 20 —|

8 9 10
8 9 10 .
Time (sec) Time (sec)

Height of PCGE = 0.0 mm (position A) Height of PCGE = 2.4 mm (position B)

20 — 20 —

Voltage (V)
|
Voltage (V)
|

8 10 8 10

9 9
Time (sec) Time (sec)

Height of PCGE = 3.6 mm (position C) Height of PCGE = 6.0 mm (position D)
Fig. 4 Output voltage of PCGE measured according to height of PCGE inside the pot bearing



The simple comparison of the graphs in Fig. 4 shows clearly that installing the PCGE at the bottom
of the pot steel plate with the elastomer disc disposed above (position A) generates the largest output
voltage. This result can be explained by the fact that, in such position, the PCGE experiences the
largest stress caused by the harmonic load representing the traffic load crossing the bridge since the
PCGE is at its bottom supported by a steel plate that does not experience strain and at its top in contact
with the elastomeric material which experiences comparatively large strain. This difference in the
strains above and below the PCGE explains that the position A is the one enabling the PCGE to
generate the largest output voltage. Besides, the other positions put the PCGE inside the elastomeric
layer making the PCGE subjected to comparable strains at its upper and lower faces and thus, less
stress and less electricity generation.

Fig. 5 plots the maximum output voltage in each position with respect to the applied load. It can be
observed that the heights of the PCGE generating the largest output voltage are in descending
sequence: 0.0 mm (A) > 6.0 mm (D) > 3.6 mm (C) > 2.4 mm (B). The linearity of the relationship is
slightly degraded due to the fact that the layers of elastomer presented some defects compared to the
original monolithic elastomer pad. This series of tests demonstrated that the optimal position of the
PCGE in the pot bearing is when the PCGE is installed directly on the bottom of the base plate of the
bearing.

o e

‘—'—'2.4 mm
B O— {)— {)3.6 mm
BB Ecom e
16 — Y—%k % 0.0mm

_ /—;‘J
n— -
- - -7
4 -
o

0 ./o//‘
\ ‘ \ ‘ \ ‘ \
0 40 80 120 160

Live Load (kN)

Fig. 5 Maximum output voltage according to load per height of PCGE inside the pot bearing

Conclusions

An innovative bridge bearing with built-in PCGE has been developed to monitor the traffic load
crossing the bridge and exploit the vibrational energy of the bridge. Previous tests conducted by our
research team confirmed the feasibility of the so-developed device in measuring the traffic loads and,
eventually detecting overloaded or overspeeding vehicles. This paper presented the results of another
series of tests dedicated to achieve the best electricity generating efficiency by finding out the optimal
position of the PCGE in the bearing. To that goal, a reduced-scale pot bearing was fabricated and
subjected to dynamic tests using a UTM so as to simulate realistic traffic conditions. The efficiency of
electricity generation was then measured for diverse positions of the PCGE inside the pot bearing. The
traditional monolithic elastomeric disc of the pot bearing was replaced by layers of elastomeric pads so
as to be able to vary the position of the PCGE from the bottom of the base plate to the highest possible



position in the bearing. The measurements of the corresponding output voltages were compared and
showed that the best position of the PCGE was at the bottom of the base plate. Such results will help to
realize optimal efficiency of the PCGE when applied to the developed bridge bearing with built-in
PCGE. Further study will be devoted to develop a protocol allowing to identify correctly the vehicles
using the output voltage produced at the bearing of the bridge.
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Abstract. A multi-functional bridge bearing with built-in piezocomposite electricity generating
element (PCGE) is being developed by our research team to respond to the growing demand of
self-powered sensing devices for the monitoring of bridges by harvesting the energy produced by
the traffic-induced vibrations. For the intended application, a multilayered piezoelectric PCGE
structure composed of layers of piezoceramic, glass/epoxy, and carbon/epoxy, has been
developed to improve the durability, output voltage and power of the piezoceramic. The output
voltage of this PCGE can be used for real-time traffic monitoring like in bridge-weigh-in-motion
systems and can eventually be exploited to generate the electricity needed for the lighting and
functioning of other embedded sensors. This paper presents the results of the dynamic loading
tests conducted on a prototype of the proposed multi-functional bridge bearing to enhance its
design details and verify the accuracy of the measurement. The results show that the bearing
provides reliable measurement for traffic monitoring and enable to conceive details for the
improvement of the output voltage of the PCGE. Since bridge bearings, as indispensable devices
transferring the loads and movements from the deck to the substructure and foundations of the
bridge, are continuously subjected to traffic loads, the proposed bridge bearing appears to be a
natural and economic solution that can be applied to existing or newly built bridges without
modification of the conventional design while providing additional and valuable functions for
the maintenance of the structure.

1. Introduction

The aging of the bridge stock in many countries together with the recent occurrence of
dramatic bridge failures have raised issues related to the lifetime and durability aspects of bridge
structures. Design of bridge is now targeting a lifetime of at least 100 years. Accordingly, active
development and applications of structural health monitoring (SHM) systems for major bridge
structures are continuously implemented as a tool to sustain such lifetime perspective in terms of
safety, durability and performance not only for aging but also for newly-built structures [1].
SHM aims to determine the health of a structure by acquiring signals measured by a network of
sensors that are embedded into the structure and monitored over time.

Besides, energy harvesting or energy scavenging is a process that captures small amounts of
energy that would otherwise be lost such as heat, light, sound, vibration or movement to recharge
a battery or power a device. The harvesting of ambient energy has become an important
alternative for the paradigm of primary electricity generation strategies. Among these ambient
energies, vibration, movement and sound can be captured and transformed into electrical power
using piezoelectric materials. For several reasons, piezoelectric energy harvesting devices are the
simplest means of scavenging ambient energy directly from structural vibrations [2,3].
Piezoelectric material can produce a voltage when a mechanical force is applied; and, conversely,
mechanical deformation occurs when a voltage is applied. The former capability helps the



material to function as an energy harvesting device; the latter property helps it to function as an
actuator [4,5].

The civil engineering community also recognized the potential benefit of such piezoelectric
material to power wireless sensors for SHM purpose since conventional wired monitoring
systems require excessive investments for the installation of wires. Therefore, the adoption of
self-powered sensors represents an attractive alternative in terms of costs and maintenance
efforts. Moreover, civil structures like bridges or roads being incessantly crossed by vehicles are
by means subjected to ambient vibrations of which use appears to be a natural and cost-efficient
solution [6]. Accordingly, a multi-functional bridge bearing with built-in piezocomposite
electricity generating element (PCGE) has been conceived by our research team to respond to the
growing demand of self-powered sensing devices for the monitoring of bridges by harvesting the
energy produced by the traffic-induced vibrations. The electrical response provided by the PCGE
is used for real-time traffic monitoring like in bridge-weigh-in-motion systems and can
eventually be used to generate the electricity needed for the lighting and functioning of other
embedded sensors.

This paper presents the design of the PCGE together with the results of the dynamic loading
tests using a universal testing machine (UTM) conducted on a prototype of the proposed multi-
functional bridge bearing to enhance its design details. The results show that the bearing
provides reliable measurement that can be used for traffic monitoring and enable to conceive
details for the improvement of the output voltage of the PCGE.

2. The proposed bridge bearing with built-in PCGE

The idea behind this study is to use such indispensable bearing in the monitoring strategy of
the bridge by endowing the bearing with additional functions, with minimal additional cost,
without affecting its original load bearing function and without modifying significantly the
design and composition of the bearing.

On the other hand, the piezoelectric effect is used in sensing applications, such as in force or
displacement sensors since a piezoelectric substance is one that produces an electric charge when
a mechanical stress is applied. Piezoelectric materials can be used to transform ambient
vibrations into electrical energy that can be stored and used to power other devices. With the
recent surge of micro scale devices, piezoelectric power generation can provide a convenient
alternative to traditional power sources used to operate certain types of sensors and actuators.

Accordingly, the concept underlying the proposed multi-functional pot bearing is to exploit the
unused traffic load for generating power through the use of a piezoceramic material. Such
environment-friendly energy will be useful to supply power to the monitoring system of the
bridge and eventually for road lighting. The last function will also help to reduce the costs
caused by the temporary closure of traffic during load control, the costs required for the
personnel needed for the control task, and contribute to the extension of the lifetime of the
structure.

Fig. 1 PCGE inserted inside the prototype multi-functional pot bearing and fabricated PCGE

Considering the small space available within the pot bearing, a thin piezocomposite electricity
generating element (PCGE) is introduced in the system (Fig. 1). This solution enables to insert



the PCGE without modifying the composition of the bearing and without need to change its
design. By adopting such layout, the PCGE will preserve its properties without breakage since
external loads will not apply directly on the material.

3. Design of PCGE

The piezoelectric effect was discovered by J. and P. Curie in 1880. They found that if certain
crystals were subjected to mechanical strain, they became electrically polarized and the degree of
polarization was proportional to the applied strain. Conversely, these materials deform when
exposed to an electric field. Piezoceramic known as lead zirconate titanate (PZT) is widely used
as a power harvesting material or in actuators owing to its remarkable electromechanical
properties. However, PZT is brittle and susceptible to fracture when a mechanical strain is
applied [3,7].

For our purpose, the elimination of such brittleness of PZT and the improvement of its
piezoceramic efficiency are crucial. Therefore, a multilayered piezoelectric PCGE structure with
six layers of piezoceramic, glass/epoxy, and carbon/epoxy has been designed to enhance the
durability of the PZT and increase its resistance to compressive mechanical strains (Fig. 2). The
PCGE generator has been designed to enable the generating layer to be kept apart from the
flexural neutral surface of the generator so as to yield larger output voltage and power [5].

compressive load 0.71
corhan/poRy 0.61 :::I
e neutral - glasﬁ{epﬁxy . . 0.52mm ¢ 474 m
: axis o glassfepoxy | T 0.43 mm
Rewra : : = . N [ piczoceramic '
surface 2 = AT o 0.18 mm
})ZT e e — ey {— 0.09 mm
ayer = ooy 8
ﬁ . RSOy 0.00 mm

Fig. 2 d33-mode PGCE and layup configuration of PCGE-F [16]

Zhao et al. (2012) conducted impact tests on this PCGE to evaluate its electricity generation
performance from compressive forces [5]. From the test results, the authors found that the outer
epoxy-based composite protected the inner brittle PZT and ensured that the PCGE generated
voltage without breakage. The selected layup configuration was seen to produce the highest
residual stress and output voltage. Owing to its performances, this layup configuration was
chosen for the multi-functional bridge bearing.

4. Dynamic tests

Preliminary impact tests were already performed on the PCGE to verify the possibility in
exploiting the output voltage for measuring the applied load [8]. The impact tests were
conducted by dropping a mass from different heights so as to let it slide along a linear guide and
hit the PCGE. However, the results showed lack of consistency to verify effectively the
applicability of the PCGE for the measurement of traffic load. In addition, the results also
revealed that a certain loss of the output voltage occurred when the PCGE was subjected to a
confining compressive prestress as would be in the bearing and that this loss increased with
larger prestress. Therefore, a small-scaled prototype of the proposed multi-functional bridge
bearing (Fig. 1) was fabricated together with a PCGE with appropriate size to conduct dynamic
tests simulating real conditions of the bearing subjected to harmonic loading from traffic and
verify thoroughly the feasibility of the proposed system.

4.1 Test setup

A small-scaled pot bearing was fabricated for the test. This bearing presents the specifications
corresponding to the smallest commercially available pot bearing. The pot bearing has a load
bearing capacity of 500 kN with height of 70 mm and inner diameter of the piston of 120 mm. In



order to fit with the bearing a PGCE with dimensions of 76x76 mm was fabricated (Fig. 1) and
inserted and fixed inside the bearing between the elastomeric pad and the top of the bottom plate
of the bearing.

For the measurement, the PCGE was connected to a data acquisition system (NI cDAQ-9178)
equipped with a voltmeter (NI-9225) and load cell (SM-500L CAS, NI-9237) to measure
respectively the output voltage and applied loads during the tests. Load was applied using a
universal testing machine (UTM) with capacity of 500 kN as shown in Fig. 3.

Fig. 3 Dynamic test of the bearing using a UTM

To simulate the real conditions in which the bearing would be exposed, permanent loads of 0
kN, 200 kN were applied to consider different weights of the. Table 1 arranges the different cases
considered in the tests. The permanent load of 0 kN was selected to observe the performance of
the PCGE itself. Note that the traffic load is generally modeled in terms of the wheel loads
represented as a series of concentrated load with definite spacing. Thus, the frequencies of the
harmonic load correspond approximately to vehicle speeds of 18 km/h for 0.5 Hz, 36 km/h for
1.0 Hz, and 108 km/h for 3.0 Hz considering a spacing of about 10 m between the vehicles.

Table 1. Load cases adopted for the dynamic loading tests

Permanent load (DL) Live load (LL) Loading frequency
0 kN 30 kN, 60 kN, 90 kN, 120 kN, 150 kN 0.5Hz, 1.0 Hz, 3.0 Hz
200 kN 30 kN, 60 kN, 90 kN, 120 kN, 150 kN 0.5 Hz, 1.0 Hz, 3.0 Hz

4.2 Test results and discussion

Fig. 4 plots the time histories of the output voltage under the application of several load cases
of Table 1. Figs. 4(a) and 4(b) show the time histories of the output voltage for the case without
permanent load and with a live load of 60 kN applied at frequency of 1.0 Hz and 3.0 Hz,
respectively. The graphs exhibit a shape corresponding to the harmonic loading with maximum
output voltage of approximately 28 V. However, as mentioned above, the case without permanent
load does not represent the actual conditions in which the pot bearing will be exposed even if the
values obtained for the maximum output voltage are promising.

Figs. 4(e) and 4(f) plot the time histories of the output voltage for the case with a permanent
load of 200 kN and with the live load of 60 kN applied at frequency of 1.0 Hz and 3.0 Hz,
respectively. It can be seen that both cases give identical results regardless of the size of the
permanent load. However, the application of the permanent load is seen to decrease sensitively
the output voltage generated by the embedded PCGE to a value slightly smaller than 10 V. This
can be explained by the constraint applied by the permanent load which prevents the PCGE to
vibrate freely and, by the way, to generate its maximum power. These results show exact and
clear correspondence between the output voltage and dynamic loading regardless of the
vibrational frequency. The developed bearing can thus be applied to measure dynamic loads of
bridges as well as to measure vibrational excitations in various industrial purposes.
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Fig. 5 plots the results of the dynamic tests applying the different load combination cases listed
in Table 1. Fig. 5(a) compares the maximum output voltage measured for the cases without
permanent load and live loads of 30 to 150 kN applied at frequencies of 0.5 Hz, 1.0 Hz and 3.0
Hz. The broken lines obtained for each loading frequency can be attributed to the residual
deformation of the pot bearing caused by the absence of permanent load. In fact, this case is not
representative of the actual condition of the bearing since, as mentioned above, the bearing is
always compressed by the load of the superstructure. Nevertheless, even under such condition,
the output voltage generated by the PCGE inserted in the bearing is seen to increase with larger
applied loading. It can be also observed that the output voltage increases slightly with higher
loading frequency.

Figs. 5(b) polts the maximum output voltage measured for the cases with live loads of 30 to
150 kN applied at frequencies of 0.5 Hz, 1.0 Hz and 3.0 Hz and permanent loads of 200 kN.
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Fig. 5 Load-voltage relation according to the loading frequency and permanent load

This last observation can be explained as follows. Conventional vibration-based energy
harvesters are developed as a linear resonant system subjected to harmonic vibrations. The
harmonic loading applied on the PCGE without permanent load approached the resonant
frequency of the PCGE, which was at first conceived without knowledge of the permanent load.
On the other hand, the application of the permanent load on the bearing shifted the resonant
frequency of the PCGE leading to the loss of power generation. Accordingly, further study will
be implemented to consider the operating bandwidth of the PCGE subjected to permanent
compressive load so as to improve its electricity generating efficiency.

5. Conclusions

Since bridge bearings, as indispensable devices transferring the loads and movements from the
deck to the substructure and foundations of the bridge, are continuously subjected to traffic loads,



a multi-functional bridge bearing with built-in piezocomposite electricity generating element
(PCGE) has been proposed to respond to the growing demand of self-powered sensing devices
for the monitoring of bridges by harvesting the energy produced by the traffic-induced vibration.
For the intended application, a multilayered piezoelectric PCGE structure composed of layers of
piezoceramic, glass/epoxy, and carbon/epoxy, has been developed to improve the durability,
output voltage and power of the piezoceramic. A prototype of the proposed bearing was
fabricated and subjected to a series of dynamic loading test. The dynamic loading test was
scheduled to simulate as possible the conditions in which the bearing would be exposed when
installed in real bridge. The test results showed that the PCGE inserted in the bearing generated
voltage linearly proportional to the applied load and could thus provide reliable measurement for
traffic monitoring. These results show that developed bearing can be applied precise
measurement of dynamic loads in various industrial purposes. In addition, the test results enabled
to derive new solutions to improve the electricity generating performance of the proposed multi-
functional bridge bearing. The proposed bridge bearing appears to be a natural and economic
solution that can be applied to existing or newly built bridges without modification of the
conventional design while providing additional and valuable functions for the maintenance of the
structure.
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Bridge bearings are indispensable devices transferring loads and movements from the deck to the substructure and
foundations of the bridge. Bearings are thus continuously subjected to loads of the vehicles crossing the superstructure and
the weight of the superstructure. An innovative and multi-functional bearing is being developed to respond to the increasing
demand of self-powered sensing devices for the monitoring of bridges by harvesting the vibration-based mechanical energy
produced by the traffic load. This paper presents the results of preliminary tests on a piezoelectric (PZT) material element
that will be built-in a conventional bridge pot bearing. This PZT element not only supplies the electrical power required for
the operation of the embedded sensing and lighting systems but can also be used to perform real-time monitoring of the
traffic by adopting built-in load measuring function like in bridge-weigh-in-motion systems. The results of the preliminary
tests focus on the feasibility of the adopted PZT material in measuring accurately the traffic loads applied on the bridge and

in harvesting the energy produced by the applied wheel loads.

Keywords: Bridge Bearing, Piezoelectric Material, Energy Harvesting, Traffic Monitoring.

1. INTRODUCTION

Vibration-based mechanical energy is the most
ubiquitous and accessible energy source in the
surroundings'. Energy harvesting technology, which
converts commonly unused ambient energy into useable
electrical energy, may be exploited to power devices that in
many cases rely heavily on batteries. Energy harvesting is
becoming an attractive source of power for a variety of
devices, especially where the environmental and economic
costs of maintaining batteries are unaffordable. The
methods used for the transduction of these energy sources
into useable electrical energy include photovoltaic,
thermoelectric, electromagnetic and piezoelectric materials.
Among them, research on energy harvesting using
piezoelectric (PZT) material has recently recognized rapid
evolution. Through the piezoelectric effect, the PZT
material converts mechanical strain into electrical voltage.

“Email Address: jfchoo@konkuk.ac.kr

The PZT effect can be implemented to harvest mechanical
energy from vibration or compression of a PZT block?®.

The civil engineering community recognized also the
potential benefit of such devices to supply continuously
electrical power to wireless sensors installed to monitor the
displacement and acceleration of bridge structures.
Conventional wired monitoring systems require excessive
investments not only for the installation of wires but also
for the periodical replacement of batteries. Therefore, the
adoption of such self-powered devices represents an
attractive alternative in terms of costs and maintenance
efforts. Moreover, civil structures like bridges or roads
being incessantly crossed by vehicles are by means
subjected to ambient vibrations of which use appears to be
a natural and cost-efficient solution®.

This paper presents preliminary tests performed to
achieve a multi-functional bridge bearing in which a PZT
material, lead zirconate titanate, is built-in. The bearing is
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conceived by introducing adequately a PZT element within
a conventional steel pot bearing. This PZT element not
only supplies the electrical power required for the
operation of the sensors but can also be used to perform
real-time control of the passage of overloaded trucks by
adopting built-in load measuring function. Innowattech®, an
Israeli company, already proposed and applied successfully
a PZT device embedded in asphalt road pavement to
harvest the vibration energy produced by traffic. However,
since this device is installed in the pavement, its durability
may be degraded due to direct exposition to traffic load and
it needs to be reinstalled in case of the repair or
replacement of the paving material. Besides, the proposed
multi-functional bridge bearing is by means a natural
component of the bridge that is indirectly subjected to
traffic load and thus less vulnerable to environmental
degradation. In addition, apart from its energy harvesting
function, the proposed bearing also offers traffic load
function that will help the maintenance of the bridge.

The authors already demonstrated the feasibility of the
proposed bridge bearing in terms of its cost-effectiveness
through an application to an example bridge?. In this paper,
preliminary test results are presented and focus on the
potential of the proposed bridge bearing in measuring
accurately the traffic loads applied on the bridge and in
harvesting the energy produced by the applied wheel loads.

2. ENERGY HARVESTING AND
PIEZOELECTRICITY

Abundant literature™*>® has been dedicated on the
topics of piezoelectricity and energy harvesting. Brief
definitions and descriptions are given here.

Energy harvesting is the process by which energy is
derived from external sources like solar power, thermal
energy, wind energy, and kinetic energy, captured, and
stored for small, wireless devices. The goal of an energy
harvesting device is to capture the usually wasted energy
surrounding a system and convert it into usable energy for
the electrical device to consume. By utilizing these unused
energy sources, electronics that do not depend on power
supplies, such as battery, can be developed. Typically lost
energy is the ambient vibrations generated around
machines and civil structures. This source of energy is
ideal for the use of PZT materials, which have the ability to
convert mechanical strain energy into electrical energy”.

Piezoelectricity is the charge which accumulates in
certain solid materials like crystals and certain ceramics in
response to applied mechanical stress. Piezoelectricity has
been discovered in the 19th century as an unusual
characteristic of certain crystals, which became electrically
polarized when subjected to a mechanical force. Tension
and compression generated voltages of opposite polarity
proportionally to the applied force. This behavior was
labeled the piezoelectric effect. The piezoelectric effect is
used in sensing applications, such as in force or
displacement sensors. Accordingly, a piezoelectric
substance is one that produces an electric charge when a
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mechanical stress is applied. Concretely, mechanical
compression or tension on a poled piezoelectric ceramic
element changes the dipole moment, creating a voltage.
Piezoelectric materials can be used to transform ambient
vibrations into electrical energy that can be stored and used
to power other devices. With the recent surge of micro
scale devices, piezoelectric power generation can provide a
convenient alternative to traditional power sources used to
operate certain types of sensors and actuators®.

3. CONCEPT AND DESCRIPTION OF THE
PROPOSED BRIDGE BEARING WITH BUILT-IN
PZT MATERIAL

A bridge structure can be divided into two main parts:
the superstructure, which supports its own weight and the
traffic load, and the substructure, which sustains the load
from the superstructure. The transmission media is the
bearing, which transfers loads and movements from the
deck to the substructure and foundations of the bridge.
Bridge bearings movements are accommodated by the
basic mechanisms of internal deformation, sliding, or
rolling. Bearings are arranged to allow the deck to expand
and contract, but retain the deck in its correct position on
the substructure. These bearings are thus continuously
sustaining the loads of the vehicles crossing the
superstructure as well as the weight of the superstructure.

The concept underlying the proposed multi-functional
bearing is to exploit the unused traffic load for generating
power through the use of PZT (Figure 1). Such
environment-friendly energy will be useful to supply power
to the monitoring system of the bridge and road lighting.
This monitoring system involves the measurement of the
traffic load applied to the bridge by means of the electrical
energy generated by the PZT, the measurement of eventual
unbalanced forces between the bearings during the
construction of the bridge, and the detection of overloaded
trucks exceeding the design load, which may affect the
structural health of the bridge. The last function will also
help to reduce the costs caused by the temporary closure of
traffic during load control, the costs required for the
personnel needed for the control task, and contribute to the
extension of the lifetime of the structure*®,

]|
| —
Il.._/ \I\\'wlgh-m-
=27 motion system

\
| <73 Self-power
{75 generatio | : p
L7 generation | ¢y Detection of
477 overweight
trucks

Fig. 1. Functions of the proposed bridge bearing”*°

Figure 2 illustrates the composition of the proposed
multi-functional bridge bearing using PZT. Pot bearing is
composed by a polytetrafluoroethylene (PTFE) plate

disposed inside a steel pot, which presses the top of the
2
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PTFE. The PTFE functions like a viscous fluid inside a
hydraulic jack and the top steel plate behaves like the piston.
Inside the pot, the deformation of the PTFE is completely
restricted. Pot bearings are designed to carry combinations
of wvertical loads, horizontal loads, longitudinal and
transversal movements, and rotations. This type of bearing
can carry very high loads of over 50,000 kN. The PZT is
inserted between the piston and PTFE plate to harvest
energy and measure the applied loading. Apart from the PZT
module, the generation of energy using PZT requires a series
of equipment including electrical insulation, electrodes,
inverter, and joint box. The joint box is itself connected to
the inverter to transform the current from DC to AC. The
inverter is currently under development by our research
team. In addition, the monitoring system monitors
continuously the presence of eventual anomalies, performs
diagnosis and reports any possible defect®™.

-
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Fig. 2. Proposed pot bearing using PZT?°

3. PRELIMINARY TESTS ON THE
PIEZOELECTRIC MATERIAL

A high performance piezocomposite generating
element (PCGE) is selected as material to be introduced in
the bridge bearing. Since lead zirconate titanate (PZT) is
known to be a brittle and fragile material under the
application of mechanical strain®, multilayered PCGE
composed of layers of carbon/epoxy, piezoelectric lead
zirconate titanate (PZT) ceramic, and glass/epoxy cured at
high temperature (Figure 3) has been developed to
overcome the brittleness of the material and provide larger
output voltage and power™.

Glass/epoxy
(39514x0.09mm?3)

Carbon/epoxy
(37x12x0.1mmd)

PZT ceramic
(37x12x0.25mm?)

Moment arm: 1 875mx1041

Bending stiffness: 1.967 N-m2x1072
,0.62mm

Carbon/epoxy layer
+—0.52mm
Neutral axi Glass/epoxy layer 043
eutral axis .43mm
0.403mm ﬁF—"GIassJ‘e;Jr:))q;'1am't=.-rk*~:'ﬁ
. - 0 «— 0.34mm
Piezoceramic layer
Glass I 10.09mm
Bottom ass/epoxy layer 0.0mm

Fig. 3. Example of PCGE™

A previous study™ revealed that the proposed PCGE
exhibits potential to be used as generator for harvesting
energy from the ambient energy environment. Moreover,
the structure chosen for the PCGE enables to overcome the
brittle properties of the piezoceramic owing to its proper
layup combination.

Fig. 4. Manufactured PCGE

Figure 4 illustrates a PCGE manufactured for the test.
Figure 5 shows a small-scale pot bearing in which the
PCGE will be introduced.

Fi. . Reducd-scale pot ber prottye

The test intends to verify if the PCGE inserted inside
the pot bearing will be able to provide accurate information
of the load applied to the bearing through its output
voltage. Figure 6 presents the corresponding test setup. A
vertical jig is installed so as to let a steel mass slide along
the rail attached to the jig. The mass is dropped from
various heights to simulate diverse loads that will hit the
PCGE tightly fastened between two rubber layers as in the
pot bearing. Considering that the pot bearing will sustain
continuously the weight of the superstructure and will be
excited mainly by the wheels of the vehicles running on the
superstructure, this setup appears to sufficiently reproduce
the conditions in which the PCGE will be exposed.

F|g 6 Test setup for verlflcatlon of the Ioad measurement
capacity of the proposed built-in system



The PCGE is connected to a data acquisition system
(NI cDAQ-9178) equipped with a voltmeter (NI-9225)
and load cell (SM-500L CAS, NI-9237) to measure the
output voltage and applied loads when the mass hit the
PCGE.

Furthermore, the manufactured PCGE samples have
limited areas (24x24 mm). However, PCGE will cover the
whole effective area of the pot bearing (¢ 10 cm) in the
future bridge bearing prototype. Accordingly, the test will
also consider parallel connection of several PCGE since
larger area of the piezoceramic will provide larger
electricity generating performance. Therefore, tests were
conducted first on a single PCGE and, then, on two
PCGEs connected in parallel. The corresponding results
are plotted in Figures 7 and 8.
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Fig. 7. Relation between applied load and output
voltage of single PCGE according to release height
of mass (176 g)
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Fig. 8. Relation between applied load and output
voltage of two PCGEs in parallel according to release
height of mass (390 g)
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The test results plotted in Figures 7 and 8 show that a
clear relation between the applied load and output voltage
of the PCGE can be derived. It can also be observed that
the parallel connection of two PCGEs will enable to
generate larger output voltage. Considering that wheel
loads reach approximately 50 kN, the output voltage will
exhibit larger values than those obtained for the small
masses (179 g and 390 g) adopted in the tests. These results
indicate the potential feasibility of the PCGE in measuring
the traffic loads for monitoring purpose and in generating
electricity for energy harvesting.

Besides, as the passage of overweight trucks, whether
legal or illegal, causes premature fatigue of the bridge
pavement and structure, it is necessary to estimate the
weight of the trucks crossing the bridge in order to evaluate
the safety of the bridge, calculate its residual service life,
and draw corresponding maintenance strategies'?. Bridge-
weigh-in-motion (BWIM) is widely applied today to
measure the weight of vehicles. This system uses a bridge
as a weigh-platform, and the parameters of heavy traffic
are measured in order to obtain informative data. The
conventional WIM comprises a number of basic
components of which the mass sensor is the most important.
The mass sensor embedded in the surface of the pavement
produces a signal whose value depends on the
instantaneous dynamic wheel mass of a moving vehicle.
Detailed information on BWIM can be found in the works
of Quilligan et al.*® and Deesomsuk et al.**.

Compared to conventional vehicle weight estimating
systems, the advantage of the proposed bridge bearing is its
installation without the necessity of additional works and
without damage to the pavement; this occurs because it is a
natural component of the bridge. The proposed bearing
makes it possible to realize accurate measurement of the
vehicle’s weight through the reaction at the bearing®.

Fixed
support

Fig. 9. BWIM concept using the reaction force of the
proposed bearing®
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Figure 9 depicts the BWIM system concept using the
proposed bearing. In Figure 5, w, is the weight of the n"
wheel of the truck, x denotes the position of the wheel load
on the bridge deck with respect to the bearing, rai(x) is the
influence line of the reaction force according to the
position, x, of the wheel load, and Rai(x) is the reaction
force at bearing A;. The relationships between these
variables are given in Equations 1 and 2.

The reaction force developed in each bearing can be
computed using the wheel loads and corresponding influence
lines for the reaction force, as expressed in Equation (1). The
resulting reaction force at each support is then computed by
summing the reaction forces of each bearing arranged in the
support, as expressed in Equation (2).

Ry, (X)=W,r, (x=s;)+W,r, (x—5;)+Wyr, (x—55)
Ry, (X)=Wir, (x—5y)+W,r, (x—5,)+W,r, (x=s,

1
)()

RA(X)= R (x)+ R, (x) 2

Using such relations, the load applied on the supports
can be easily computed by converting the electric signal
of the built-in PZT. In the near future, prototypes of the
proposed bearing will be fabricated, and tests will be
conducted to verify the feasibility of the conversion of the
signals produced by the bearings into loads.

5. CONCLUSIONS

Bridge bearings are indispensable  devices
transferring loads and movements from the deck to the
substructure and foundations of the bridge. Bearings are
thus continuously subjected to loads of the vehicles
crossing the superstructure and the weight of the
superstructure. Besides ambient vibration energy is
naturally present in many environments, but commonly
goes unused, vibration-based mechanical energy is the
most ubiquitous and accessible energy source in our
surroundings. Therefore, an innovative and multi-
functional bearing is being developed to respond to the
increasing demand of self-powered sensing devices for
the monitoring of bridges by harvesting the vibration-
based mechanical energy produced by the traffic load.

A high performance piezocomposite generating
element (PCGE) is selected as material to be introduced in
the bridge bearing. Previous studies reveal that the adopted
PCGE exhibits potential to be used as generator for
harvesting energy from the ambient energy environment.
Moreover, the structure chosen for the PCGE enables to
overcome the brittle properties of the piezoceramic owing
to its proper layup combination.

Test intending to verify if the PCGE inserted inside
the pot bearing will be able to provide accurate
information of the load applied to the bearing through its
output voltage were conducted. The corresponding results
indicate that a clear relation between the applied load and
output voltage of the PCGE can be derived and the
potential feasibility of the PCGE in measuring the traffic

loads for monitoring purpose and in generating electricity
for energy harvesting. Further tests will be carried out on
a prototype pot bearing with built-in PCGE together with
the development of adequate inverter in order to verify
the applicability of the proposed multi-functional bridge
bearing.
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Development of d;;-mode piezocomposite generating element
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ABSTRACT

Recently, piezocomposite generating elements (PCGEs) have been proposed for improving the electricity generation
performance of piezoceramic wafers. The residual stress in the PZT layer after curing is one of the main reasons for
PCGE’s enhanced performance, and the outer epoxy-based composites protect the brittle PZT layer. In this work, we
propose a d,,-mode PCGE that can be used for energy harvesting. The piezoelectric coefficient d,, of the generating

element was used as a measure of the electricity generating performance. We fabricated several PCGEs and conducted
energy harvesting experiments to verify the concept of the d,,-mode coefficient of generating element.

Keywords: PCGE; PZT; d,,-mode; ceramic; coefficient of generating element

1. INTRODUCTION

Energy harvesting has become an urgent need owing to the exhaustion of natural resources, which will be a serious
problem in the future. Many researchers are working on the development of new energy sources with improved energy
efficiency. Wind energy, solar energy, and hydro energy have been used instead of fossil fuels to generate electric energy.
Further, efforts have been devoted to the development of small-scale energy harvesters using piezoelectric materials.
Piezoelectric materials generate electrical energy from mechanical energy.

Piezoelectric materials have been widely used as energy harvesters for many years. Piezoceramic materials convert
mechanical energy into electrical energy when subjected to a mechanical force. Many researchers are focusing on how to
improve the electricity generating performance of devices using piezoelectric materials. Several systems have been
fabricated using piezoceramic materials, such as the piezoelectric micro-electro mechanical system [1], Cymbal
transducer [2], and piezocomposite generating element (PCGE) [3].

In this work, we propose a d,,-mode PCGE that can be used for energy harvesting. Residual stresses remain in the PZT

layer of PCGEs after the curing process. The concept of effective piezoelectric coefficient d proposed by Ochoa et al.

[4] was adopted to analyze the improvement in the electricity generation performance due to residual stresses in the
PCGE. We designed various PCGEs and used ANSYS™ to analyze the stress distribution in the PCGE after the curing
process. A dropping test system was used to measure the output voltage of the fabricated PCGEs.

2. DESIGN OF DROPPING TEST SYSTEM

2.1 Piezoelectric generating element

Piezoceramic lead zirconate titanate (PZT) is widely used as an energy harvesting material. However, PZT has a well-
known shortcoming that it is extremely brittle [5]. In order to overcome this shortcoming and improve the piezoceramic
efficiency, a multilayered piezoelectric PCGE was recently proposed [3], wherein a d,, -mode PCGE with improved

piezoceramic efficiency was manufactured. The PCGE consisted of four layers of a piezoceramic material, glass/epoxy
composite, and carbon/epoxy composite. Usually, voltage is produced from a d,,-mode PZT generator by introducing a

deformation in the generator. Figure 1 shows the electricity generating mechanism of PCGE with a multilayered plate
structure.
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Figure 1. Laminated plate with PZT layer

Ochoa et al. [4] calculated the effective piezoelectric coefficient df of a Cymbal transducer, which is affected by the

radius and thickness of the top/bottom endcap, height of the cavity, and thickness of the ceramic disk. In other words, the
effective piezoelectric coefficient depends on the in-plane stress. Equation (1) describes the relationship between the
effective piezoelectric coefficient d and d,,, d,,:

d3e3ﬂ =dy + B-|d, |’ (1

where d is the effective piezoelectric coefficient; B is the amplification factor, which depends on the in-plane stress;
d, is the piezoelectric coefficient in the z-direction; and d,, is the piezoelectric coefficient in the x-direction. Equation
(2) describes the relationship between the output voltage, vertical force, and the piezoelectric and dielectric coefficients:

ads& d¥ p
V= Ol=—2 . gt=—2 . ¢t
&30 el o el A4 (2)

where ¥ is the output voltage, g,, is the voltage coefficient, o is stress in the z-direction, &I, is the dielectric

coefficient, P is the vertical force, 4 is the plate area, and ¢ is the thickness of the PZT layer. If the vertical force, plate
area, and thickness of the PZT layer are constant, the output voltage will depend on the effective piezoelectric coefficient
and the dielectric coefficient. Furthermore, the effective piezoelectric coefficient depends on the in-plane stress.
Therefore, we manufactured three types of PCGEs and observed the relationship between their residual stress and output
voltage. Table 1 shows the basic properties of each layer. The dimensions of the PCGEs are 36 x 24 mm’, and the
thicknesses of the glass/epoxy, carbon/epoxy, and PZT ceramic layers are 0.09 mm, 0.1 mm, and 0.25 mm, respectively.
Figure 2 shows the lay-up configurations of three PCGEs.

Table 1. Basic properties of constituent materials

PZT? Carbon/Epoxy® Glass/Epoxy”
Properties 3203 HD USN 123 GEP 108
CTS Corp. SK Co. SK Co.
E,;(GPa) 70 231.2 21.7
Modulus E,(GPa) 70 7.2 21.7
G,>(GPa) 27.46 43 3.99
fa(g(s)son S, 0.31 0.29 0.13
Strain d;; (102m v -320 — —
coefficient  d3 (10']2 mV?" 650 — —
Dielectric . B
coefficient el (107Fm) 33.6 o o
Voltage § :
coefﬁ%ient g (10°VmN') 9.3 o o
a; (10°Kh 3.5 -1.58 14.2
CTE a, (10°K™ 3.5 322 142
. p (kg m™) 7800 1510 1910
?gﬁ;yess  (mm) 0.25 0.10 0.09
E; (GPa) 70 231.2 21.7

* Material properties from data sheet of CTS piezoelectric products [6, 7].
® Material properties from [8].
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Figure 2. Lay-up configurations of three PCGEs
2.2 Fabrication of PCGEs

We considered three types of lay-up structures, as shown in figure 2, to determine the most appropriate design. The
fabrication of the PCGEs was followed by the lay-up designs. A glass/epoxy fabric was placed as the bottom layer on a
flat base plate, and the other materials were stacked according to the lay-up designs. Two copper electrodes were
attached to the ceramic wafer surface: one on top and the other at the bottom. The stacked layers were then vacuum-
bagged and cured at an elevated temperature of 177°C in an autoclave.

2.3 Thermal residual stress

In the curing process, first the temperature was increased from room temperature (25°C) to 177°C over 1 h and kept at
177°C for 2 h. Then, it was decreased to room temperature. Thermal residual stress was generated internally through the
thickness of the PCGE owing to the difference in the coefficients of thermal expansion of the respective layers. In order
to obtain different residual stresses, we designed three types of PCGEs.

The commercial finite element software ANSYS™ was used to analyze the stress distribution in the PCGE. SOLID45
elements were used in a 3D finite element model. We also used 2400 (40 x 60) finite elements in the plane direction;
four elements for the PZT layer and two elements each for the carbon/epoxy layer and the glass/epoxy layer were used in
the thickness direction. The total number of finite elements was 33,600. Figure 3 shows the residual stress distribution in



the PCGE in the x- and y-directions. We can see that for all the three structures, the PZT ceramic is in compression

through the entire thickness after the curing process.
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Figure 3. Stress distribution in (a) PCGE-D, (b) PCGE-E, (¢) PCGE-F

2.4 Effect of residual stress on piezoelectric and dielectric coefficients

The piezoelectric and dielectric coefficients depend on the in-plane stress [9, 10]. Krueger [10] described the relationship
between d,,, d,,, and compressive stress as follows: if the compressive stress in the x-direction increases, the

piezoelectric coefficient d,, decreases. However, if the compressive stress in the y-direction increases, the piezoelectric

coefficient d,, increases. After the curing process, d,, and d,, changed because of the residual stress. Owing to the

residual stress generated after the curing process, d,, and d,, changed to d;, and d/,, respectively.



In this work, we used PZT 3230HD manufactured by CTS Electronic Components Inc. [6], the same as those used by
Tien et al. [3]. Hence, we calculated the piezoelectric and dielectric coefficients using the same method as Tien et al. [3].
The piezoelectric coefficient d/, in the x-direction decreased by 34 x 10> mV™" (10.6% decrease with respect to the
nominal value), 139 x 10"? mV™" (43.3% decrease with respect to the nominal value), and 194 x 10" mV™"' (60.6%
decrease with respect to the nominal value) for PCGE-D, PCGE-E, and PCGE-F, respectively. The piezoelectric
coefficient ), in the y-direction increased by 130 x 10> mV™" (40.6% increase with respect to the nominal value), 134

x 10" mV™" (41.8% increase with respect to the nominal value), and 146 x 102 mV™"' (45.6% increase with respect to
the nominal value) for PCGE-D, PCGE-E, and PCGE-F, respectively. The dielectric coefficient under a constant stress in
1-directions ( £];) of the PZT layer in PCGE-D increased by 0.3%, but that of PCGE-E decreased by 13.4% and that of

PCGE-F decreased by 15.8%.

3. EXPERIMENTAL SETUP

In this research, we used the dropping test system to measure the output voltage of the PCGEs. The dropping test system
includes several components as shown in Figure 4. The mass was dropped using a linear motor guide, and a vertical
impact force was applied on the PCGE. The PCGE produces direct current (DC) voltage because of the vertical impact
force. Before carrying out the experiments, a load cell (SB-200L, CAS) and a data acquisition system NI compactDAQ
(NI cDAQ-9178, NI) were used to measure the impact force of the dropping test system. The output DC voltages from
the PCGEs were measured using a multimeter (digital multimeter 34410A, Agilent).

PCGE generator

Figure 4. Photograph of experimental setup: (a) Dropping test system, (b) Load cell, (c) Multimeter, (d) NI cDAQ

4. RESULTS AND DISCUSSION
4.1 Impulse of dropping test system

In order to obtain an accurate output voltage, the dropping test system should produce a stable impulse. The technical
computing software MATLAB was used to measure the impulse. Table 2 lists the conditions of the experiment. Figure 5
illustrates the results of the impact force. In this measurement, a beam type load cell was used to measure the impact
force. Therefore, the results show a positive impact force when the load cell is compressed, and vice versa. The PCGE
generator generated voltage from the positive impact force, and the negative impact force did not affect the output



voltage of the PCGE generator. The force was measured thirty times. The maximum impulse was 0.6791 N-s, the
minimum impulse was 0.6672 N-s, and the standard deviation was 0.003 N-s.

Table 2. Experimental conditions

Device Name Value
The mass of loading part M=0.14 kg
The height of LM guide H=460 mm
Capacity: 200 kgf
Load cell Resolution: 1/3000
Sampling time of the Muti-meter At=0.7 ms
Sampling frequency of the NI cDAQ-9187 F=25 kHz
1400 : : : : : : : : — — e —
1200} ; i : |
aook | -1 [ A 1) 0 ) : J 500
£ sool- ? Y - J : sl Z &m0
E A00 - snbessedhet, dinsee lidh o b e T IR P oo ;“5; KOy ks
] : H . : H i Y
: 200
400} U : 10 BT ] B PR 4
i ; -400 : 2
g 5 10 15 20 25 30 3 40 45 PR PR TR E P E R I R P E P R R
Time (s) Time (g)

Figure 5. Measurement results of impact force

4.2 Output voltage of PCGE

In order to observe the relationship between the output voltages and residual stress, we designed three types of PCGEs.
The output voltages were measured and compared under the same conditions. We manufactured three PCGEs for each
lay-up structure. Figure 6 shows the results for the output voltage. The output voltage of PCGE-F was the highest. Table
3 lists the results of the output voltage for each lay-up structure. From Table 3, we can clearly see that the output voltage
increased and the piezoelectric coefficient ¢}, decreased when the residual compressive stress in the x-direction (o )

increased. From equations (1) and (2), we can deduce that the effective piezoelectric coefficient should be as large as
possible, whereas the dielectric coefficient should be as small as possible so as to enhance the output voltage. Therefore,
the effective piezoelectric coefficient should be the largest, which depends on d,,, d,,, and the amplification factor B.
However, in the PCGEs, d,, did not change and d,, decreased. Therefore, the amplification factor B should increase.
This implies that the output voltage increases when the residual stress increases.
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Table 3. Calculation of piezoelectric and dielectric coefficients

PCGE Average residual stress in the Piezoelectric strain Dielectric Average
generator PZT layer (MPa) Coefficient (10> m V') coefficient output
voltage
x-direction y-direction d; d;, el (10° Fm™) %)
CGED ; 301 o 3186 -286 -450 33.7 52'2
- o, =I3. == . .
3 “ » (10.6% 1) (40.6% 1) 0.3%1) 251
PCGEE é . 3310 -181 -454 29.1 gi-g
- o, =22. o, =-33.
3 * W (43.3% 1) (41.8% 1) (13.4% 1) 34'0
PCGEF ; 35.02 4889 -126 -466 283 3‘6“0)
- . =-35. G, =48. .
= » (60.6% ) (45.6%1) (15.8% 1)
3 44.7
5. SUMMARY

In this work, a d,,-mode PCGE has been proposed for electricity generation from compressive force. From experiments

conducting using a dropping test system, we found that the PCGE produced voltage when an impact force was applied in
the vertical direction. The outer epoxy-based composite protected the inner brittle PZT and ensured that the PCGE could
generate voltage. A comparison of the experimental performance of PCGE-D, PCGE-E, and PCGE-F indicated that the
residual stress in the x-direction considerably affected the output voltage. PCGE-F had the highest residual stress and
output voltage. In conclusion, the residual stress affects the output voltage of the d,,-mode PCGE that may be used for

energy harvesting.
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Effects of cyclic impacts on the performance of a
piezo-composite electricity generating element in
a d;; mode energy harvesting
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The increasing use of piezoelectric generators to harvest energy from various ambient sources
requires the establishment of durability data for piezoelectric materials. In this paper, a ds; mode
piezocomposite electricity generating element (PCGE) was tested for its durability under cyclic
impact loading. For this purpose, a motor driven lever system was designed to apply constant impact
force on PCGEs. To investigate the durability of PCGEs, the output voltage of the PCGEs was
observed upon repeated application of an impact force until eventual loss of the generated voltage.
The experimental results enabled to determine the number of cycles until which PCGEs can be used
without loss of their electricity generation performance with respect to the stress level applied on the
PCGEs. At low stress level (around 0.76 MPa or lower), the PCGE showed almost insignificant
degradation even after 2 million cycles whereas degradation occurred sooner (after 8 x 10° cycles) at
higher stress levels (around 0.92 MPa or higher). The effects of impact loading on the durability of
the PCGEs were also examined by X-ray photographs of the specimens.

Keywords: Durability, Cyclic impact loading, Energy harvesting, ds; mode, PCGE, PZT ceramics.

1. INTRODUCTION

Piezoelectric materials have received much interest recently,
being investigated in a number of applications due to their
simple piezo-electric transduction and easy implementation in
piezoelectric systems as compared to -electrostatic or
electromagnetic materials." The PZT material converts
available ambient energy into usable electrical energy
through the piezoelectric effect. Harvesting energy by this
method holds much promise for the growth of self-powered
electronic devices and low-power electronic devices, used as
microelectronics and wireless sensor nodes.”” To maintain
the efficiency of these devices, several issues about
piezoelectric materials must be understood. One of the main
reasons that limits the actual application of piezoelectric
materials as actuators, sensors and functional devices is the
mechanical fatigue, which reduces the effective performance
with time (or stress) of these materials due to dielectric loss
and depolarization. Therefore, examining the durability of a
piezoelectric ceramic with regard to fatigue under long-term
and cyclic loading is interesting and meaningful.””
piezocomposite electricity generating element (PCGE),
which are high performance electric generators, have much
potential in energy harvesting applications. Luong and Goo'’
investigated the application of PCGE in the windmill for the
d;; mode energy harvesting, and obtained positive results. As
a follow-up study to Luong and Goo’s research, we continued
to use PCGE:s to harvest energy in the d;; mode. Applications
using the d;; mode piezoelectric material have been

reported"'® and revealed great promise in further

applications involving piezoelectric specimens. In ds;; mode
energy harvesting, the effective piezoelectric coefficient ;ff

is the main factor contributing to the performance of PCGEs.
This coefficient is not calculated in detail in this work but can
be inferred based on the experimental data of PZT-5H',
which has basically the same properties as those of PZT
3203HD, used in PCGEs.

Hence, the reliability and durability of PCGEs are the
topics of this work. In a practical application, the bridge
bearing with built-in piezoelectric material functions as
electric generator from vibration movement; the mechanical
loading on PCGEs is applied through the surface of contact of
the vehicles’ tires with the bridge pavement, which is mostly
related to impulse excitation force. Therefore, this work aims
to investigate the effect of impulse loading on the
performance of a piezo-composite electricity generating
element in a d;; mode. For this purpose, a mechanical testing
system was specifically designed to test the durability of a
PCGE material. In the test method discussed in this paper,
PCGEs are subjected mechanically to cyclic compressive
impacts until occurrence of the degradation of the output
voltage level. The test system, measurement method and
corresponding experimental results are described in the
following sections.

*Authors to  whom
(nsgoo @konkuk.ac.kr)

correspondence  should be  addressed.



2. DURABILITY TEST METHOD

2.1. Design of a motor driven lever system for durability
test

The motor driven lever system is designed to produce cyclic
impact forces so that the PCGE specimens can harvest output
voltages uniformly. The magnitude of the impact force can be
adjusted by moving the sliding bar up and down, and also by
increasing the spring stiffness and weight of the mass. The
frequency of the impact force is designed as high as possible
to shorten the duration of the experiment, which is expected
to last for two million cycles. And, to carry out more cycles,
it is necessary to overcome the limited holding torque of the

motor and the dropping time of the mass at the tip of the lever.

The dropping time of the mass must be shorter than the
period of the motor. With all components used in this design,
the system can operate up to the highest frequency of 4 Hz,
and stress of up to 1.5 MPa. The main parts of the motor
driven lever system are presented in figure 1.

Fig. 1. The motor driven lever system in CATIA.
(a) Mass; (b) Sliding bar; (c¢) Spring; (d) Cam mechanism; (e) Motor

The driver and controller, together with the motor, help the
system to create rotational cycles. The rotational motion of
the cam mechanism moves the sliding bar up and down. The
lever bar consists of a spring, a sliding bar and a mass at the
tip; this bar creates the cyclic impact forces that are applied
on the PCGE. In addition, two vertical bars were used to
ensure the vertical up-and-down movement of the lever bar.
The spring is used to mitigate the vibration and rebound of
the mass generated after impact and to enhance the contact
force applied on the PCGE. The spring and the mass can be
adjusted to control the applied stress level. In addition, the
timing belt is used to synchronize the motions of the motor
and cam. By theoretical calculation, the maximum frequency
of the motor driven lever system is estimated at 4 Hz. Refer
to Appendix for more details about the theoretical approach.

2.2. Estimation of maximum frequency of the motor
driven lever system by ADAMS™ simulation

A mechanical modeling of the basic mechanism of the motor
driven lever system is proposed using the dynamic software
ADAMS™. The first model design was constructed in the
CATIA software, and then this model was imported into
ADAMS™ for simulation purposes. Figure 2 shows the
motor driven lever system in ADAMS™ /View.

The mechanical architecture and the kinematic scheme of
the system in ADAMS™ are discussed to understand the
operation and transmission mechanism of this system. The
simulation focuses on the analysis of the impact force and
maximum dropping frequency of the mass. The simulation
and experimental data of these parameters are compared.
Figures 2 and 3, shown below, describe the mechanical
architecture of the system in ADAMS™ and the two-
dimensional kinematic scheme, which provides information
on the links among the parts in this design.

Fig. 2. Mechanical architecture of the system in ADAMS™
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Fig. 3. Kinematic scheme in “2D” model

In the scheme above, the transmission mechanism is
presented. The revolute motion is used to represent the motor
rotation; its frequency can be adjusted. The timing belt
system is used to transmit motion from the motor to the cam.
Moreover, the lever bar can rotate freely about the axis of the



base. Finally, two contact functions are defined to model two
contact forces: the first one defines the contact between the
cam and the lever bar; the second one models the interaction
between the mass and the PCGE. The simulation conditions
are given in table I. The results show the contact force and the
mass displacement.

Table I Conditions for ADAMS™ simulation

Frequency Stiffness Damping

1\(/1[(38)5 of motor  of spring ~ coefficient (zlri?/vslzt)y
g (Hz) (N/m) (N-s/m)
025 1 20 02 2

The simulation results are shown in figures below, where the
peak value of the impact force is shown in figure 4 and the
displacement of the mass is shown in figure 5. The maximum
frequency of the motor can be obtained from the
displacement of the mass with increasing motor speed.
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Fig. 4. Impact force on PCGE
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approximate calculation, which appeared to run around 10° in
the simulation.

3. MATERIAL

3.1 Piezocomposite electricity generating element material
(PCGE)

Piezo-ceramics (PZTs) are widely used as energy harvesting
materials but are extremely brittle. In order to overcome this
brittleness and improve the efficiency of the piezo-ceramic,
the multilayered piezoelectric PCGE has been proposed
recently. It consists of four layers of a piezo-ceramic,
glass/epoxy and carbon/epoxy. The basic properties of the
PCGE constituent laminates are presented in table II.

Table II Basic properties of PCGE constituent laminates

PZT
Properties Coefficients 3203 Carbor;/ Glass/b
HD* Epoxy Epoxy

E;(GPa) 70 231.2 21.7
Modulus E>(GPa) 70 72 21.7

G, (GPa) 25.57 43 3.99
Poisson’s 031 029 0.13
ratio

ds;
Strain (10" m/ V) -320 o o
coefficient d33

(10" m/ V) 630 o o
Dielectric & 136 o o
coefficient (10°F/ m)

831
Voltage (10° V- m/ 95  — —
coefficient

N)

. . ap
Coefficient 6,0 3.5 -1.58 14.2
of thermal SO /"K)
: 2

expansion (10,6/ °K) 3.5 32.2 14.2
Density p (kg/ m) 7800 1510 1910
Thickness t (mm) 0.25 0.10 0.09

0.0 02 04 06 08 1.0 oo 02 04 06 08 1.0
Time (s) Time (s)

Fig. 5. Displacement of the mass with increasing dropping
frequency

According to simulation results, the impact force was 1500 N
and the system can operate at 3 Hz without any problems. At
3.5 Hz or above, there is not enough time for the mass to
impact PCGE before the cam makes contact with the lever
bar. So, the motor driven lever system can be operated at the
maximum frequency of 3 Hz, which is lower than the
theoretical value of 4 Hz in Appendix. This difference can be
explained by the assumption of a small angle 6 in the

*Material properties from the data sheet of CTS piezoelectric
roducts.'”
Material properties from Goo et al.'®

PZT 3203HD from CTS Electronic Components, Inc., which
is basically equivalent to PZT-5H, was used to fabricate
PCGEs. The dimensions of the PCGE are 36 mm x 24 mm
and the thickness of the glass/epoxy, carbon/epoxy, and PZT
ceramic are 0.09 mm, 0.1 mm, and 0.25 mm, respectively. In
the curing process, the PCGEs were heated from room
temperature (25°C) to 177°C during 1 hour and kept at
177 °C during more than two hours. The difference in the



thermal expansion coefficient among the constituent layers
led to changes in the residual stress in the PZT layer. This
change was analyzed by using the commercial finite element
software ANSYS™. "> 2 With the analyzed residual stress,
the piezoelectric coefficients of the PCGEs were predicted
based on Krueger’s experiment data.

The electrical performance of a PCGE can be improved
by setting up a lay-up configuration. PCGE-A, PCGE-B, and
PCGE-C were fabricated by Tien et al." Shortly after, Jun et
al.*® reported that new PCGEs, designated as PCGE-D,
PCGE-E, and PCGE-F, had better performance. The optimum
PCGE was PCGE-F, whose configuration is presented in
figure 6.

Fig. 6. PCGE-F layup configuration

A piezoelectric material harvests energy in two modes: dj;-
mode and ds;-mode. The ds;-mode of a PCGE was studied
and applied to a windmill by Luong and Goo.' We focus on
the application of a PCGE using ds; mode in this study.

3.2. d33; mode PCGE

The output voltage of a d;3-mode PZT generator is produced
by the deformation of the PZT generator. Figure 7 shows the
output voltage generating mechanism of a multilayered plate

structure.
P Z
o7y

| [ —

Fig. 7. Laminated plate of a generating layer

PZT

Neutral axis

The dj;-mode PCGE generates voltage from the compressive
stress in the thickness direction. Tien et al.”’ expressed the
dependence of the output voltage of a PCGE on the vertical
force, piezoelectric coefficient and dielectric coefficient as
follows:

dﬂff dﬂff P
V:g;'éf.o-.[:i‘z; O-t= 3; Z[ (1)
€3 €33

where V is the output voltage, g is the voltage coefficient,
o is the stress in the z-direction, g; is the dielectric

coefficient, d?/ is the effective piezoelectric coefficient, P is

the vertical force, A is the plate area, and ¢ is the thickness of
the PZT layer. From the equation (1), it is clear that the
performance of a PCGE depends on the voltage coefficient.

d¥ needs to be calculated. The details of the

Therefore, d3

calculation method of d;gf for PCGE are not presented in this

paper, but can be inferred from Krueger’s study,”" ** in which

the experimental data revealed that the relationship between
the initial piezoelectric coefficient in the direction of stress
application (d;;) and in direction of polarization (ds;) is

described by d3;= -0.45 x ds3. Therefore, the d;gf coefficient
of a PCGE can be inferred from ds, and ds,, in which, ds is
calculated from combination of (d,,), and (d,,), . Goo et al."®
defined that (a)x is the x-direction piezoelectric coefficient

in the direction of the applied stress (1-direction, where the 1-

direction is aligned with the x-direction); (d,,) is the x-

direction piezoelectric coefficient in the direction
perpendicular to the applied stress (2-direction) and
polarization (3-direction). Similarly, ds, is calculated from the

combination of (d;), and (dy,), . With the experimental

data, Krueger concluded that the piezoelectric coefficient d3
(in the direction of stress application) decreases significantly
with stress, while dj, (in the direction perpendicular to the
stress and the polarization) generally increases. The
calculation results of the piezoelectric coefficient and the
dielectric coefficient for PCGE-F are shown in table III. From
these coefficients, we propose a simple equation to estimate
the effective piezoelectric coefficient.

st dy) _ G 45xast @)

Table III Calculation of the piezoelectric coefficient and dielectric
coefficient of PCGE-F

Piezo'el'ectric Piezoelectric ~ Piezoelectric Volt

coefficient effective dielectric oltage

(10" m-v?" coefficient coefficient  cocHmicient
J 102 mv?Y  (10°Fm")  (mV-N?

d 3x 3y d ;ff 83T3 g :Zf

2974  -235.8 5025 28.17 21

T%), 262%) ’ 15.8%| 8.7%1

As mentioned above, the PCGE-F gave the highest
performance. The voltage coefficient was 8.7% higher than
that of bare PZT. Therefore, all the results related to the
durability of a PCGE in this paper were obtained from the
analysis and experiments of PCGE-F specimens.



4. EXPERIMENTAL SETUP AND RESULTS

4.1 Experimental setup and results

The experimental setup consisted of the motor driven lever
system, a load cell and an output voltage recording system. A
load cell (resolution: 1/3000) with a data acquisition system
NI compact DAQ (NI cDAQ-9178, NI) was used to measure
the impact force applied on the PCGE. The output voltage
generated from the PCGE was recorded using Lab View-
controlled and automated data acquisition system. Figure 8
shows the experimental setup with the transfer mechanism,
rubber pad, PCGE, load cell and motor driven lever system.
A vertical impact force is applied on the PCGE by the
dropped mass. The objective of the experiment is to
determine how many times the PCGE can generate an output
voltage without failure or loss of performance. The applied
stress is kept constant and the output voltage is observed until
degradation begins to occur. The size of the PCGE specimens
was 36 mm x 24 mm x 0.71 mm.

Steel =™ Rubber
g

PCGE
specimen

—
Lab-View

NI cDAQ
Fig. 8. Experimental setup for durability test

Besides the motor driven lever system, a load transfer
mechanism was designed for the durability experiment of the
PCGEs. This mechanism consisting of a steel block and a
rubber pad distributes the applied stress evenly all over the
surface of the PCGEs. The functions of the steel block and
the rubber pad were investigated using ANSYS™ by
analyzing the stress developed in the PCGE™. In Jun and
Goo’s researchzo, a rectangular steel block and a trapezoidal
steel block were placed above a rubber pad and the
corresponding stress distributions on the PCGE under
application of an impact force were observed. The results
revealed that the stress distribution in the case of the
rectangular steel block with a rubber pad was similar to that
in the case of the trapezoidal steel block with a rubber pad;
however the stress distributions of these cases were different
when the rubber pad was not used. Therefore, we set up a
similar load transfer mechanism for the durability test, which
was carried out to simulate the application of the PCGE in a
bridge pot bearing in which the PCGE is inserted between the
steel base plate and the elastomer disk.”

4.2. Impulse response of the motor driven lever system
and output power

The stability of the motor driven lever system is a major
concern for the feasibility of the durability test of the PCGE.
One of the basic questions is to what extent should the
reliability of the motor driven lever system be considered
before undertaking the durability test of a PCGE. Therefore,
it is necessary to examine the response of this system. The
performance of the PCGEs was observed in several cycles.
The condition of the experiment is presented in table IV.

Table IV Experimental conditions

. . Sampling
Mass Dropping Stlffn§ss frequency of
frequency  of spring Load cell
(kg) (Hz) (N/m) NIcDAQ
(kHz)
025 1 20 25 200 kgf

Figures 9 and 10 plot the peak values of the impact force and
output voltage generated by the PCGE specimens subjected to
cyclic impact. It can be seen that practically uniform values
are obtained. In this experiment, the stress applied on the
PCGEs was 0.76 MPa and output voltage was 52.83 V. The
standard deviations of the impact force and output voltage
were 8.78 N and 0.47 V, respectively.

The results shown in figure 9 reveal that the motor driven
lever system can be used as a reliable mechanism to apply
cyclic impact forces. Therefore, in the next section, the
durability of the PCGEs is discussed. The lifetime of a
specimen was considered with increasing stress.
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Fig. 9. Impact force applied by motor driven lever system
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Fig. 10. Output voltage generated by PCGE material

Besides the determination of durability of the PCGEs due to
an impulse excitation force, which is mostly concerned in this
work, the effect of the harmonic excitation force on the
performance of this material is also investigated as a part of
this study. The experimental setup considered in this
investigation was a pot bearing inserted with the piezo-
composite material and loaded by a MTS 647 hydraulic
wedge grip machine as in figure 11 to give the harmonic
application on PCGEs.

Pot bearing

(b) Top-view

Fig. 11. MTS 647 hydraulic wedge grip machine and a pot-bearing

Since  the pot bearing is composed by a
polytetrafluoroethylene (PTFE) plate disposed inside a steel
pot, the mechanical load exerted on PCGEs is smaller than
that applied by the loading system. Figure 12 shows the
output voltage generated from PCGEs under the influence of
a harmonic excitation force. Values of voltage derived from
this experimental data are subjected to a harmonic excitation
force with no preload, 3 ton of the mechanical loading, and

0.5 Hz of the hydraulic machine frequency. The peak-to-peak
amplitude of the output voltage in this case is about 14.03 V.

Output voltage (V)

Time (s)

Fig. 12. Output voltage under harmonic excitation force
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Fig. 13 Output voltage vs. stress application (t: ton)

In figure 13, the output voltage of PCGEs is observed with
respect to increasing of the mechanical loading. In these
experiments, three cases of preload were performed: O ton, 10
ton, and 20 ton with the range of harmonic mechanical stress
application. All these results were carried out with only 0.5
Hz of hydraulic machine frequency. Clearly, in view of the
value of peak voltage shown in figure 13 and figure 10,
PGCEs exhibit better performance under an impulse
excitation force compared with that under a harmonic
excitation.

In next study, an equivalent circuit is proposed to calculate
the output power of PCGEs with an impulse excitation force.
The piezoelectric material is represented by means of an AC
source, a capacity and a resistance. A load resistance is placed
in the circuit to investigate the output power, as shown in



figure 14, where V denotes the load voltage and R4 denotes
the load resistance.

Piezoelectric
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Fig. 14. Equivalent circuit
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Fig. 15. Output voltage and power vs. load resistance

Figure 15 shows the output voltage and output power with
respect to a range of load resistances of the PCGE. In an open
circuit, the output voltage generated by a PCGE was about 51
V. The performance of a PCGE in a closed circuit was
investigated in this experiment. The load resistance ranged
from 0.05 Q to 10 MQ and the results are shown in figure 15.
The load resistance at 220 kQ or higher does not result in any
change in the ouput voltage and power, so the results at
resistances higher than 600 kQ can be ignored in the graph.
The maximum output power was 250 mW at resistances of
0.91-1 kQ.

4.3. Durability

The effect of loading on the durability of PCGEs was
investigated experimentally in this study. To investigate the
degradation of the PCGE material, an impact force was
applied on the PCGEs repeatedly until degradation of output
voltage began to occur. The lifetime of a PCGE was also
considered with increasing stress application. Figure 16
shows the peak output voltage vs. stress application. Figure
17 shows the degradation of a PCGE over 2 million cycles.
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Linear approximation .
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Fig. 16. Output voltage vs. stress application

Considering equation 1, the output voltage generated by a
PCGE is a linear function of stress application. The
experimental results shown in figure 16 confirm the accuracy
of this linear relation. The output voltage increases with
larger stress. The voltage is about 85 V at stress of 1.04 MPa.
Higher loadings provide higher peak output voltages, but the
material will fail as a result. Figure 17 shows the degradation
of a PCGE with respect to the number of impact cycles at
different stress levels ranging from 0.52 MPa to 1.04 MPa. It
appears that clear gain in the magnitude of the output voltage
can be achieved but this gain is accompanied with loss of the
durability of the PCGE.
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Fig. 17. Performance of PCGE vs. number of cycle loading

In bridge bearing application, the PCGEs will be put inside
pot bearings of which life time are predicted at 2 M cycles.
PCGE:s of which the percentage of degradation is less than 10
percent after 2 M cycles are still considered good
performance. Based on experimental results, the degradation



of PCGE:s is practically insignificant at stress level of 0.52
MPa or lower. Loss of generating performance occurs sooner
when higher stresses are applied. Clearly, increasing the
applied stress level results in higher output voltages but at the
cost of the lifetime of the PCGE. The durable lifetime of the
PCGE can last for more than 2 million cycles at lower stress
levels. If we increase the impact force, i.e., increase the stress
level, the lifetime of the PCGE reduces to reach about 8x10°
cycles at about 1.04 MPa. A di; mode PCGE was used in a
research for the development of a multi-functional bridge
bearing intending to demonstrate that the remnant vibrations
of passing vehicles can restore and charge electric generators
for further monitoring of traffic and overloaded trucks.” In
this application, PCGEs were inserted into pot bearings to
harvest energy from movement vibrations. The insertion of
the PCGE in the pot bearing enables to protect the PCGE
from the direct application of the traffic loads while allowing
it to develop its performance. Therefore, the durability of the
PCGE:s needs to be considered along with the lifetime of the
pot bearing. Since the bridge design code specifies that the
pot bearing should resist to at least 2 million loading cycles,
the PCGE also needs to last at least 2 million cycles.
According to results shown in figure 17, almost no
degradation was observed under 0.76 MPa (or lower) during
the durability test, but significant degradation was observed at
the high stress application of 1.04 MPa. Therefore, the pot
bearing should be designed so that the stress level remains
below 0.76 MPa to guarantee the lifetime of the PCGE.

In addition, X-ray spectrums of some broken samples
after experiments were taken to investigate what happened
inside the specimens. Figure 18 shows the X-ray photos of
PCGEs. Specimen (a) is virgin PCGE, specimen (b) was
subjected to stress of 1.04 MPa, and specimen (c) to stress of
0.52 MPa. Specimen (b) exhibited large damaged area
because of high stress application, while specimen (c) has
only some cracks due to smaller stress application. This
indicates that the loss of output voltage of the PCGEs was
caused by the damages suffered by the PCGEs due to the
mechanical loading applied all along the lifetime of the
PCGE:s.

(@) (b)

S.A.=1.04 S.A. =052
CL.=211 CL.=0.89

Original
specimen

Fig. 18. PZT layers of specimens in durability experiments.

(a) Original specimen; (b), (c): After durability test; (d) Zoom-in
from figure c; (e) Schematic of crack from figure d.

S.A.: Stress application (MPa), C.L.: Number of loading cycles (M)

5. CONCLUSION

This paper investigated experimentally a d;3 mode PCGE and
its durability. Considering that the effective piezoelectric
coefficient ds; is one of the most important parameters in the
performance estimation of a PCGE material, a simple formula
to calculate this value was proposed based on the
experimental data of Krueger as a relationship between dj
and ds;. This enabled to define a similar approximation for
the effective piezoelectric coefficient of a PCGE.

To investigate the durability of a PCGE specimen to
impact loading, a motor driven lever system was designed
and fabricated to generate cyclic impact loads, and the
corresponding output voltage produced by the PCGE was
observed at every cycle. The experimental data showed that
PCGEs can be used without any significant loss of
piezoelectricity performance up to 2 million cycles at a
proper stress level (below 0.76 MPa). Higher stress levels
were seen to improve significantly the performance of the
PCGEs but at the cost of the lifetime of the material. This
work as a preliminary study on the feasibility of a multi-
functional bridge bearing with built-in PCGE intending to
monitor traffic loads proved the promising potential of the
proposed system.

APPENDIX

The design of motor driven lever system relies on two main
parameters: first, the impact force produced by this system
and second, the maximum frequency at which the motor can
operate without destroying the mechanism. The higher the
cycling frequency is, the better the design is. One of the
challenges is to achieve the highest dropping frequency under
the motor torque limit. In addition, the dropping frequency is
also constrained by the dropping time of the mass at the tip of
the lever. All these parameters need to be considered as the
motor frequency increased. Theoretical calculations are
discussed to determine the maximum frequency at which the
system can operate without any problems. Figure A.1 shows
the dynamic scheme of this system.

Position 1:

Lsin @

Position 2:

/7

Fig. A.1. Dynamic scheme of the motor driven lever system

The parameters of this design are presented in table A.l,
where m, is the mass of the lever bar; m is the mass of the
mass; k is the stiffness of the spring; C is the damping



coefficient of the spring; L is the length of the lever bar; [ is
the length of the lever from its hinged end to its connection
with the spring; g is acceleration of gravity; and, € is the
initial drop angle (in degree).

Table A.1 System parameters

m; m k C L l g 0o
(kg) (kg) (N/m) (Ns/m) (m) (m) (m/sD) (°)

005 02 20 0.2 1 0.8 9.8 10

From the moment equation about O, the hinged end of the
lever:

S M, =10 (AD)

. I? .
—(CIO) — (kIO —(mgcosd)L—(m, gcose)g =(mE +’"VT)9

(A2)
Since the design targets a small angle 6, equation (A.2) can
be simplified as:

m+ 20+ CPO+ kPO + (m+ TrygL=0  (A3)
3 )8

Substituting the component data in table A.1 into the equation
gives:

0.2176 +0.1280 +12.80 +2.205=0 (A4)

The solution of equation (A.4) is:

O(r) = e *'[0.013 sin( 7.671) + 0.347 cos( 7.671)]- 0.173
(AS)

The time for the mass to fall from & = 6, to & = 0° can be
computed from:

¢ *'[0.013 sin( 7.67¢) +0.347 cos( 7.671)]- 0.173 = 0
(A6)

The following values are obtained from Equation (A.6). The
time, f, from when the mass drops from the initial drop
position until its impact on the base is 0.1365 s, and the angle
between the point where the cam enters in contact with lever
bar and the point where the cam separates from the bar is
approximately 120°, which is nearly one-third of the motor
period. The mass starts to fall once the cam separates from
the lever bar. Hence, for the mass to impact the PCGE
specimen, two-thirds of the motor period needs to be larger
than the dropping time of the mass. Therefore, the following
constraint must be satisfied:

2T

%tor > Tdropping (A7)
This constraint indicates that the motor frequency is lower
than 4.8 Hz (fior < 4.8 Hz). Therefore, the maximum

frequency that can be achieved by the system is about 4 Hz.
To verify this theoretical value, we compare it to the
simulation data based on ADAMS™, which is presented in
section 2.2
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Abstract. A multi-functional bridge bearing with built-in piezocomposite electricity generating
element (PCGE) is being developed by our research team to respond to the growing demand of self-
powered sensing devices for the monitoring of bridges by harvesting the energy produced by the
traffic-induced vibrations. For the intended application, a multilayered piezoelectric PCGE structure
composed of layers of piezoceramic, glass/epoxy, and carbon/epoxy, has been developed to
improve the durability, output voltage and power of the piezoceramic. The output voltage of this
PCGE can be used for real-time traffic monitoring like in bridge-weigh-in-motion systems and can
eventually be exploited to generate the electricity needed for the lighting and functioning of other
embedded sensors. This paper presents the results of the dynamic loading tests conducted on a
prototype of the proposed multi-functional bridge bearing to enhance its design details and verify
the accuracy of the measurement. The results show that the bearing provides reliable measurement
for traffic monitoring and enable to conceive details for the improvement of the output voltage of
the PCGE. Since bridge bearings, as indispensable devices transferring the loads and movements
from the deck to the substructure and foundations of the bridge, are continuously subjected to traffic
loads, the proposed bridge bearing appears to be a natural and economic solution that can be applied
to existing or newly built bridges without modification of the conventional design while providing
additional and valuable functions for the maintenance of the structure.

Introduction

The aging of the bridge stock in many countries together with the recent occurrence of dramatic
bridge failures have raised issues related to the lifetime and durability aspects of bridge structures.
Design of bridge is now targeting a lifetime of at least 100 years. Accordingly, active development
and applications of structural health monitoring (SHM) systems for major bridge structures are
continuously implemented as a tool to sustain such lifetime perspective in terms of safety, durability
and performance not only for aging but also for newly-built structures [1]. SHM aims to determine
the health of a structure by acquiring signals measured by a network of sensors that are embedded
into the structure and monitored over time.

Besides, energy harvesting or energy scavenging is a process that captures small amounts of
energy that would otherwise be lost such as heat, light, sound, vibration or movement to recharge a
battery or power a device. The harvesting of ambient energy has become an important alternative
for the paradigm of primary electricity generation strategies. Among these ambient energies,
vibration, movement and sound can be captured and transformed into electrical power using
piezoelectric materials. For several reasons, piezoelectric energy harvesting devices are the simplest
means of scavenging ambient energy directly from structural vibrations [2,3]. Piezoelectric material
can produce a voltage when a mechanical force is applied; and, conversely, mechanical deformation
occurs when a voltage is applied. The former capability helps the material to function as an energy
harvesting device; the latter property helps it to function as an actuator [4,5].
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The civil engineering community also recognized the potential benefit of such piezoelectric
material to power wireless sensors for SHM purpose since conventional wired monitoring systems
require excessive investments for the installation of wires. Therefore, the adoption of self-powered
sensors represents an attractive alternative in terms of costs and maintenance efforts. Moreover,
civil structures like bridges or roads being incessantly crossed by vehicles are by means subjected to
ambient vibrations of which use appears to be a natural and cost-efficient solution [6]. Accordingly,
a multi-functional bridge bearing with built-in piezocomposite electricity generating element
(PCGE) has been conceived by our research team to respond to the growing demand of self-
powered sensing devices for the monitoring of bridges by harvesting the energy produced by the
traffic-induced vibrations. The electrical response provided by the PCGE is used for real-time
traffic monitoring like in bridge-weigh-in-motion systems and can eventually be used to generate
the electricity needed for the lighting and functioning of other embedded sensors.

This paper presents the design of the PCGE together with the results of the dynamic loading tests
using a universal testing machine (UTM) conducted on a prototype of the proposed multi-functional
bridge bearing to enhance its design details. The results show that the bearing provides reliable
measurement that can be used for traffic monitoring and enable to conceive details for the
improvement of the output voltage of the PCGE.

The proposed bridge bearing with built-in PCGE

The idea behind this study is to use such indispensable bearing in the monitoring strategy of the
bridge by endowing the bearing with additional functions, with minimal additional cost, without
affecting its original load bearing function and without modifying significantly the design and
composition of the bearing.

On the other hand, the piezoelectric effect is used in sensing applications, such as in force or
displacement sensors since a piezoelectric substance is one that produces an electric charge when a
mechanical stress is applied. Piezoelectric materials can be used to transform ambient vibrations
into electrical energy that can be stored and used to power other devices. With the recent surge of
micro scale devices, piezoelectric power generation can provide a convenient alternative to
traditional power sources used to operate certain types of sensors and actuators.

Accordingly, the concept underlying the proposed multi-functional pot bearing is to exploit the
unused traffic load for generating power through the use of a piezoceramic material. Such
environment-friendly energy will be useful to supply power to the monitoring system of the bridge
and eventually for road lighting. The last function will also help to reduce the costs caused by the
temporary closure of traffic during load control, the costs required for the personnel needed for the
control task, and contribute to the extension of the lifetime of the structure.

Fig. 1 PCGE inserted inside the prototype multi-functional pot bearing and fabricated PCGE

Considering the small space available within the pot bearing, a thin piezocomposite electricity
generating element (PCGE) is introduced in the system (Fig. 1). This solution enables to insert the
PCGE without modifying the composition of the bearing and without need to change its design. By
adopting such layout, the PCGE will preserve its properties without breakage since external loads
will not apply directly on the material.
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Design of PCGE

The piezoelectric effect was discovered by J. and P. Curie in 1880. They found that if certain
crystals were subjected to mechanical strain, they became electrically polarized and the degree of
polarization was proportional to the applied strain. Conversely, these materials deform when
exposed to an electric field. Piezoceramic known as lead zirconate titanate (PZT) is widely used as
a power harvesting material or in actuators owing to its remarkable electromechanical properties.
However, PZT is brittle and susceptible to fracture when a mechanical strain is applied [3,7].

For our purpose, the elimination of such brittleness of PZT and the improvement of its
piezoceramic efficiency are crucial. Therefore, a multilayered piezoelectric PCGE structure with six
layers of piezoceramic, glass/epoxy, and carbon/epoxy has been designed to enhance the durability
of the PZT and increase its resistance to compressive mechanical strains (Fig. 2). The PCGE
generator has been designed to enable the generating layer to be kept apart from the flexural neutral
surface of the generator so as to yield larger output voltage and power [5].

compressive load 0.71 mm
c;;:;%:ﬂ?:;’y s 0.61 mm
neutral b2 e 1 0.52 mm

R e _::“\giag.sm;y . jmrwm 0.474 mm
neutral 27 3 S i
surface s - e oceran}lc 0.18 mm
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Fig. 2 d33-mode PGCE and layup configuration of PCGE-F [16]

Zhao et al. (2012) conducted impact tests on this PCGE to evaluate its electricity generation
performance from compressive forces [S]. From the test results, the authors found that the outer
epoxy-based composite protected the inner brittle PZT and ensured that the PCGE generated
voltage without breakage. The selected layup configuration was seen to produce the highest residual
stress and output voltage. Owing to its performances, this layup configuration was chosen for the
multi-functional bridge bearing.

Dynamic tests

Preliminary impact tests were already performed on the PCGE to verify the possibility in exploiting
the output voltage for measuring the applied load [8]. The impact tests were conducted by dropping
a mass from different heights so as to let it slide along a linear guide and hit the PCGE. However,
the results showed lack of consistency to verify effectively the applicability of the PCGE for the
measurement of traffic load. In addition, the results also revealed that a certain loss of the output
voltage occurred when the PCGE was subjected to a confining compressive prestress as would be in
the bearing and that this loss increased with larger prestress. Therefore, a small-scaled prototype of
the proposed multi-functional bridge bearing (Fig. 1) was fabricated together with a PCGE with
appropriate size to conduct dynamic tests simulating real conditions of the bearing subjected to
harmonic loading from traffic and verify thoroughly the feasibility of the proposed system.

Test setup

A small-scaled pot bearing was fabricated for the test. This bearing presents the specifications
corresponding to the smallest commercially available pot bearing. The pot bearing has a load
bearing capacity of 500 kN with height of 70 mm and inner diameter of the piston of 120 mm. In
order to fit with the bearing a PGCE with dimensions of 76x76 mm was fabricated (Fig. 1) and
inserted and fixed inside the bearing between the elastomeric pad and the top of the bottom plate of
the bearing.

For the measurement, the PCGE was connected to a data acquisition system (NI cDAQ-9178)
equipped with a voltmeter (NI-9225) and load cell (SM-500L CAS, NI-9237) to measure
respectively the output voltage and applied loads during the tests. Load was applied using a
universal testing machine (UTM) with capacity of 500 kN as shown in Fig. 3.
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Fig. 3 Dynamic test of the bearing using a UTM

To simulate the real conditions in which the bearing would be exposed, permanent loads of 0 kN,
200 kN were applied to consider different weights of the. Table 1 arranges the different cases
considered in the tests. The permanent load of 0 kN was selected to observe the performance of the
PCGE itself. Note that the traffic load is generally modeled in terms of the wheel loads represented
as a series of concentrated load with definite spacing. Thus, the frequencies of the harmonic load
correspond approximately to vehicle speeds of 18 km/h for 0.5 Hz, 36 km/h for 1.0 Hz, and 108
km/h for 3.0 Hz considering a spacing of about 10 m between the vehicles.

Table 1. Load cases adopted for the dynamic loading tests

Permanent load (DL) Live load (LL) Loading frequency
0 kN 30 kN, 60 kN, 90 kN, 120 kN, 150 kN 0.5Hz, 1.0 Hz, 3.0 Hz
200 kN 30 kN, 60 kN, 90 kN, 120 kN, 150 kN 0.5Hz, 1.0 Hz, 3.0 Hz

Test results and discussion

Fig. 4 plots the time histories of the output voltage under the application of several load cases of
Table 1. Figs. 4(a) and 4(b) show the time histories of the output voltage for the case without
permanent load and with a live load of 60 kN applied at frequency of 1.0 Hz and 3.0 Hz,
respectively. The graphs exhibit a shape corresponding to the harmonic loading with maximum
output voltage of approximately 28 V. However, as mentioned above, the case without permanent
load does not represent the actual conditions in which the pot bearing will be exposed even if the
values obtained for the maximum output voltage are promising.

Figs. 4(e) and 4(f) plot the time histories of the output voltage for the case with a permanent load
of 200 kN and with the live load of 60 kN applied at frequency of 1.0 Hz and 3.0 Hz, respectively.
It can be seen that both cases give identical results regardless of the size of the permanent load.
However, the application of the permanent load is seen to decrease sensitively the output voltage
generated by the embedded PCGE to a value slightly smaller than 10 V. This can be explained by
the constraint applied by the permanent load which prevents the PCGE to vibrate freely and, by the
way, to generate its maximum power. These results show exact and clear correspondence between
the output voltage and dynamic loading regardless of the vibrational frequency. The developed
bearing can thus be applied to measure dynamic loads of bridges as well as to measure vibrational
excitations in various industrial purposes.

Output voltage (V)
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Output voltage (V)
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(a) DL=0kN, LL =60 kN, 1.0 Hz (b) DL=0kN, LL = 60 kN, 3.0 Hz
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Fig. 4 Time histories of output voltage generated by PCGE under harmonic loading

Fig. 5 plots the results of the dynamic tests applying the different load combination cases listed
in Table 1. Fig. 5(a) compares the maximum output voltage measured for the cases without
permanent load and live loads of 30 to 150 kN applied at frequencies of 0.5 Hz, 1.0 Hz and 3.0 Hz.
The broken lines obtained for each loading frequency can be attributed to the residual deformation
of the pot bearing caused by the absence of permanent load. In fact, this case is not representative of
the actual condition of the bearing since, as mentioned above, the bearing is always compressed by
the load of the superstructure. Nevertheless, even under such condition, the output voltage
generated by the PCGE inserted in the bearing is seen to increase with larger applied loading. It can
be also observed that the output voltage increases slightly with higher loading frequency.

Figs. 5(b) polts the maximum output voltage measured for the cases with live loads of 30 to 150
kN applied at frequencies of 0.5 Hz, 1.0 Hz and 3.0 Hz and permanent loads of 200 kN.
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(a) Permanent load of 0 kN (b) Permanent load of 200 kN

Fig. 5 Load-voltage relation according to the loading frequency and permanent load

This last observation can be explained as follows. Conventional vibration-based energy
harvesters are developed as a linear resonant system subjected to harmonic vibrations. The
harmonic loading applied on the PCGE without permanent load approached the resonant frequency
of the PCGE, which was at first conceived without knowledge of the permanent load. On the other
hand, the application of the permanent load on the bearing shifted the resonant frequency of the
PCGE leading to the loss of power generation. Accordingly, further study will be implemented to
consider the operating bandwidth of the PCGE subjected to permanent compressive load so as to
improve its electricity generating efficiency.

Conclusions

Since bridge bearings, as indispensable devices transferring the loads and movements from the deck
to the substructure and foundations of the bridge, are continuously subjected to traffic loads, a
multi-functional bridge bearing with built-in piezocomposite electricity generating element (PCGE)
has been proposed to respond to the growing demand of self-powered sensing devices for the
monitoring of bridges by harvesting the energy produced by the traffic-induced vibration. For the
intended application, a multilayered piezoelectric PCGE structure composed of layers of
piezoceramic, glass/epoxy, and carbon/epoxy, has been developed to improve the durability, output
voltage and power of the piezoceramic. A prototype of the proposed bearing was fabricated and
subjected to a series of dynamic loading test. The dynamic loading test was scheduled to simulate as
possible the conditions in which the bearing would be exposed when installed in real bridge. The
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test results showed that the PCGE inserted in the bearing generated voltage linearly proportional to
the applied load and could thus provide reliable measurement for traffic monitoring. These results
show that developed bearing can be applied precise measurement of dynamic loads in various
industrial purposes. In addition, the test results enabled to derive new solutions to improve the
electricity generating performance of the proposed multi-functional bridge bearing. The proposed
bridge bearing appears to be a natural and economic solution that can be applied to existing or
newly built bridges without modification of the conventional design while providing additional and
valuable functions for the maintenance of the structure.
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Abstract. The bearings of a bridge are indispensable structural members, which support the
superstructure, transfer the loads of the superstructure to the substructure and, accommodate the
horizontal and vertical motions of the superstructure caused by all types of loads like traffic. Such
traffic loads induce the bridge to vibrate but this energy is wasted. Therefore, a piezocomposite
electricity generating element (PCGE) has been introduced in the bearing to exploit effectively this
vibrational energy. The bridge bearing with built-in PCGE was seen to be effective for measuring the
traffic loads and, detecting eventual overloaded or overspeeding vehicles. In a will to optimize the
amount of energy generated by this bearing, this study compares experimentally the amount of
electricity produced by the PCGE with respect to its position in the bridge bearing through a series of
dynamic loading tests to find out the position of the PCGE providing the most efficient electricity
generation.

Introduction

Bridges vibrate under the crossing of traffic but the corresponding vibrational energy is generally
wasted. Therefore, the application of the piezoelectric effect provided by certain non-conducting
materials has been adopted to exploit the energy generated by the motion or vibrations of the
superstructure. The piezoelectric effect stands for the property of certain crystals to produce electricity
or electric polarity by applying a mechanical stress. Besides, the bearings of a bridge are natural and
indispensable structural members, which support the superstructure, transfer the loads of the
superstructure to the substructure and, accommodate the horizontal and vertical motions of the
superstructure caused by all types of loads. Accordingly, the idea is to embed a piezoelectric material
in the bridge bearing to exploit the unused vibrational energy of the bridge so as to measure the traffic
loads, detect eventual overloaded or overspeeding vehicles. This solution enables to minimize the
costs of installation and protect the highly brittle piezoelectric material from direct application of the
loads. Moreover, in order to strengthen the resistance of the piezoelectric material to stresses and
increase the efficiency of electricity production, the piezocomposite electricity generating element
(PCGE) developed by our research team is introduced in the bearing [1].

Among the various types of bridge bearing, the widely applied pot bearing was selected and
subjected to a series of dynamic tests conducted using a universal testing machine (UTM). The tests
were performed by applying a permanent load with harmonic cyclic loads at different frequencies to
simulate the loading conditions of a real bridge bearing. The results showed a linear relationship
between the loading and the voltage output by the PCGE. The tests also revealed that the output
voltage tended to reduce with larger permanent load but this loss remained practically insignificant
even when the permanent load was doubled [2,3,4]. The linearity of the relationship between the
loading and output voltage made it possible to confirm that the so-developed bridge bearing with
built-in PCGE will be effective in measuring accurately the loads of the vehicle crossing the bridge.

In parallel with these tests, another series of tests was also implemented to increase the efficiency
of the electricity generated by the bridge bearing with built-in PCGE. To that goal, the output voltage
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generated by the PCGE was compared for diverse positions of the PCGE inside the pot bearing to find
the optimal position of the PCGE among the available positions. These tests and the corresponding
results are presented in this paper.

Bridge Bearing with Built-in PCGE

The pot bearing shown in Fig. 1 was selected as a representative bridge bearing. Pot bearing is
composed by a polytetrafluoroethylene (PTFE) plate disposed inside a steel pot, which presses the top
of the PTFE. The PTFE functions like a viscous fluid inside a hydraulic jack, and the top steel plate
behaves like a piston. Inside the pot, the deformation of the PTFE is restricted. Pot bearings are
designed to carry combinations of vertical loads, horizontal loads, longitudinal and transversal
movements, and rotations (Fig. 1). Considering the small space available within the pot bearing, a thin
piezocomposite electricity generating element with dimensions of 76x76 mm (PCGE, Fig. 1) is
inserted in the system. The multilayered piezoelectric PCGE structure with six layers of piezoceramic,
glass/epoxy, and carbon/epoxy has been designed to enhance the durability of the PZT and increase its
resistance to compressive mechanical strains. The PCGE generator has been designed to enable the
generating layer to be kept apart from the flexural neutral surface of the generator so as to yield larger
output voltage and power.

Fig. 1 Pot bearing and its components (pot plate, elastomeric disc, brass sealing ring, piston with
PTFE, slide plate) and PCGE used in the tests

Test Setup

For the purpose of the tests, several layers of elastomer were adopted instead of the circular and
monolithic PTFE disc so as to be able to dispose the PCGE at diverse heights inside the bearing. The
position of the PCGE is varied from 0 mm (A), 2.4 mm (B), 3.6 mm (C) to 6.0 mm (D) from the steel
plate at the bottom as shown in Fig. 2. The heights of 7.2 mm and 12.5 mm could not be achieved due
to the presence of the brass sealing rings, which cut the connecting wires.

Brass sealing ring Slide plate Layered elastomeric disc

”W//////////%////////%///////”

_I7'2 mm 122 mm

=

130 mm
150 mm

Pot plate

Fig. 2 Shape of elastomeric disc inside the pot bearing and considered heights of PCGE
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In order to simulate real conditions, live load of 150 kN in the form of a harmonic loading at
frequency of 1 Hz under a permanent load of 100 kN was applied using a UTM for the 4 considered
heights and the corresponding output voltages were compared. For the measurement, the PCGE was
connected to a data acquisition system (NI cDAQ-9178) equipped with a voltmeter (NI-9225) and
load cell (SM-500L CAS, NI-9237) to measure respectively the output voltage and applied loads
during the tests (Fig. 3).

Fig.3 Testing equipment: (1) UTM, (2) Installed pot bearing, (3) NI cDAQ-9178, (4) NI1-9225 [5]

Test Results and Discussion

Fig. 4 plots the time histories of the output voltage measured for the considered heights of the PCGE
inside the pot bearing under permanent load of 100 kN and harmonic live load of 150 kN.
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Fig. 4 Output voltage of PCGE measured according to height of PCGE inside the pot bearing
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The simple comparison of the graphs in Fig. 4 shows clearly that installing the PCGE at the bottom
of the pot steel plate with the elastomer disc disposed above (position A) generates the largest output
voltage. This result can be explained by the fact that, in such position, the PCGE experiences the
largest stress caused by the harmonic load representing the traffic load crossing the bridge since the
PCGE is at its bottom supported by a steel plate that does not experience strain and at its top in contact
with the elastomeric material which experiences comparatively large strain. This difference in the
strains above and below the PCGE explains that the position A is the one enabling the PCGE to
generate the largest output voltage. Besides, the other positions put the PCGE inside the elastomeric
layer making the PCGE subjected to comparable strains at its upper and lower faces and thus, less
stress and less electricity generation.

Fig. 5 plots the maximum output voltage in each position with respect to the applied load. It can be
observed that the heights of the PCGE generating the largest output voltage are in descending
sequence: 0.0 mm (A) > 6.0 mm (D) > 3.6 mm (C) > 2.4 mm (B). The linearity of the relationship is
slightly degraded due to the fact that the layers of elastomer presented some defects compared to the
original monolithic elastomer pad. This series of tests demonstrated that the optimal position of the
PCGE in the pot bearing is when the PCGE is installed directly on the bottom of the base plate of the
bearing.
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Fig. 5 Maximum output voltage according to load per height of PCGE inside the pot bearing

Conclusions

An innovative bridge bearing with built-in PCGE has been developed to monitor the traffic load
crossing the bridge and exploit the vibrational energy of the bridge. Previous tests conducted by our
research team confirmed the feasibility of the so-developed device in measuring the traffic loads and,
eventually detecting overloaded or overspeeding vehicles. This paper presented the results of another
series of tests dedicated to achieve the best electricity generating efficiency by finding out the optimal
position of the PCGE in the bearing. To that goal, a reduced-scale pot bearing was fabricated and
subjected to dynamic tests using a UTM so as to simulate realistic traffic conditions. The efficiency of
electricity generation was then measured for diverse positions of the PCGE inside the pot bearing. The
traditional monolithic elastomeric disc of the pot bearing was replaced by layers of elastomeric pads so
as to be able to vary the position of the PCGE from the bottom of the base plate to the highest possible
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position in the bearing. The measurements of the corresponding output voltages were compared and
showed that the best position of the PCGE was at the bottom of the base plate. Such results will help to
realize optimal efficiency of the PCGE when applied to the developed bridge bearing with built-in
PCGE. Further study will be devoted to develop a protocol allowing to identify correctly the vehicles
using the output voltage produced at the bearing of the bridge.
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