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ABSTRACT

The demand for energy consumption has considerably increased every year weather in
the industry or household. The present energy situation in the word can be thus the critical
problem. More than 80% of electricity demand to be supplied by the fossil energy like oil, coal
and natural gas. These energy sources are not sustainable, causing the environmental
degradation. For these reasons, the research on the clean energy has been widely investicated,
including biomass, water, wind and solar. In addition to this, one of energy conversion
technologies, harvesting energy from ambient environment into useable electrical energy
through piezoelectric material has been popular. It recently becomes a commercial technology
for a variety of energy harvesting applications such as road, railway and human motion energy
harvesters.

In order to comply with Thailand’s energy efficiency plan for 20 years, economy and
society, the authors have researched on the energy sources available in ambient environment
and the energy harvesting device to achieve the clean energy with having no effect on the
environment. Moreover, the outcome of this research is expected to increase the value of
existing rubber and to adapt in a concept of smart home for the oldsters. The invented device
is called the Smart Floor Hybrid (SFH) which is a combination of a piezoelectric material and

electromagnetic generator.

Keyword : harvesting energy, piezoelectric, smart home
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Storage
External Energy Circuit or
Energy Conversion Interfacing Electronics
Devices
1 2 3 q

N e

UM 1.1 eezunsuuaninsdnnisndsnuiildannisiiuieandsunaiundsenulii

1.2 AU NELaINgUITAIAYRINITIRY

1.2.1 Lﬁaaamwuu,azﬁ’mﬁwﬁuuuuﬁué’m%zqnmam (Smart floor hybrid) dm3ulasusy
ndsufeBnmalndledidnninuaunauiunisairmdaaliihanniswidsnhvesudndn 7
annsaAsundsnununaldulaih

122 iiesonuvuuazinaireszuudamsmdsnuevinmilédanianssuvesfgeongnielu
anuiiogendy

1.2.3 Wevievuienisaeanseiy (embed) ssuunsdanisnasnuilamesiamsuyssy
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1.2.4 WeynAdnsalningauiunsuUaanasnunagnisldenu

1.3 YaULIANTSIAY

FovinsunuuiuSiaiozgnuau (Smart floor hybrid) Ssenafiinnninduuuuifelnedigaganeg
iWonlamdanunasnmisiadeulmussrudsenaduyneaifemienguyana insaaeudnuny
wayiauszAnsnmuesiuLuueg Geulviimingay 1wu nan siawagduauianiild

pongnineamns i duienonundimingaudmiuiugusausiuruauar Useneg
vadeULaTAndonan LN aLd M3y embed STUULUAMAIIY

WaUNS2UUATIdeUAY Moduwesfvnsaufuuiunalniiifildannsiniu wu seuu
nvaouRuA eI eludiinofodmiudaseny (ndoor Air Quality System) uulpseienis
doansl¥ansuvuiundanus diludnutdudnuusiiinauasUssifiune Tnofiunudisiiuuass]

FUNANITINNABUDN WU UAAAINSINIATUETSITNEY NINUNEINY Mesundudidudu

1.4 Sumpunsvinide

1.4.1 Waunszuufuifemdnunalseneusmelasiaiaiuifsmdsnusesiammdanuuay
dufuazaundsnuiiszuusessuauiivihian (operation frequency) annuvasridialugag 100 Hz as
1

1.4.2 Waulassaafuiemdsnunadmsusesiunsduiinaud (frequency) fuazaung
M3&u (amplitude) Audteundanunasnnsiadoulm

143 fannasdidnvsedndiiodanendsaulnidldantanlnaledidnninielfaunse
UszanszualiilyifuuunimesviaUszalmitazdnnsmdsnuildniofvazalfifiolffissnesionis
yhauvesssiomsfidudemdsnulaiAy 100 mw egnadedadliunian

1.4.4 Wau99siuiendsulisesiunisnanduisassu (integrated circuit wiorige I0)
ileanuunuazsuyunsHan Weiiuusgslauaglivhluuaziivanudilalumalulad

1.4.5 p9ALUURRIUITEUUATIvARUAMAINEIN1IANTeTueIA1S (YAnTIaTnA1aungll
(Ternperature), Anudedusing (Humidity), Areaisueulnoenles (CO2) uavau) uavszuusalulf
Aelutiu (Home Automation  System) vulasstngnisdoansuuulians nieugunsaluanina vie
anunsndadeyalunansmauuansniviy unlidavsansiuteyaluguuuunie

1.4.6 apuifisuaitinldanneumesiugunsaivieiniaainsgiu (Calibration)

1.4.7 AASILAETIAADUITUU



1.4.7.1 danrswdsnuliihaldanniaglndledidnvsniiieliaiunsauszanszualiil
Ifukunwesviinuseylu

1.4.7.2 spuunsaaauaunInaInianglueasuulassienisdeansuuuliany

1.5 Useleaiiinnadnaszldsu

1.5.1 $ULUU smart floor, smart wall WSoua9asideusefideduly embed 16 waziwwmosa
wizaudmiudgeene ageloy 1 9819 WU ATIIINITNNAUVDINEIDIE, TEUUATIVABUAMAINDINA
melusrmsfivnerde (AQ), szuvauinley

1.5.2  fdansilugusssundndunadnsainiasanisideldanussduiiegendevsenitnves
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1.5.3 gremnndnsihlulguselesiluinganisivde unau
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g NseenkuuaUnIaliuNeInas Ui lamdsugeaanasn1snaaadldiu

Unil 4 NaMINAasINIsINNsHAIUIINLUALEanNa s UAuRU UL elBlaN 3 NLUY
AuYtin PZT waziiuiidandanuwuudaaiesgnuan (Smart floor hybridkiernluldiussuvaunin
Tou Wuduvasnsdenldiesdn mandanu nsudmsnmsviauvesgunsaliislidingssusiiian
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2.1 ASAUNBINAITY

A3 LAUAEY 130 harvest(1]  HAUNLIEAIWNIUIYNTUINITAU TIUTIATAnNaldan
Hunmnzdan Welinsihmdunldiundsuna vaneauis n1simasuna (mechanical energy)

I [

I o a U aa . & « ]
Pnunasnilanisduideguas (ambient  energy  source)  sanviansiadsulnisrenie (body

Y

movement) uaznIsiAAaUTvasing (object movement) wwdas (convert) 1undsauluiln
(electrical energy) dmulFlursasluinndddanunasaugu dafiudszglnin (capacitor) w3e lu
wuswas waziludeu Tiunaunsalidnnseindvsegunsalluillihaulalueusdesns daelmsd
ANNAEAINIUNITIETINUINTY AATIUIUATIVISOARYUINVRILUALABT V3BIILANARNUNITITLUALNDS
agdudvilidugunsalviauldsiediies (self-powered device)2] wiiegluanuivislng lafiau
AuAx (unmanned) tnglunssuaunisinuiieandsunalsiaannisiituduazlifinnseewiaviale
= o Y ca & a ¢ A 1 A 1 = |

Jadadundeauazenn (clean  energy)  aunsaididannselinduiegunsailvinfninaids iy

o w

Insdwiislefle 1aTess ulingUszdi inieailonazszuvdoasliany Mauauszeglnavesing Insvimd
lulasasulnsaiaes (microcontrolle)  dmsualuaunisUailanasaluvsedseyy niieng
wiesUSuenia 1a1 nalnniswlasmdsaudedsnslndledidnsn (piezoelectric method) R
Usznoude Yanlwdledianvinvinlasdavdasenatssia suieieqtu Wanau(disk)  uruwuy
(plate) 1&u (fiben) 1udu msdeusefudiuiidafundsnuluiiildaniaglndledidnnin egr

winnzausanisinluldu Inendnnisnislndledidnnsn Ao Jaaniaiuaiuisoundasndssnunaiiu
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Y A

wasnulimielumanduiuulamasnulndndundsnunals  ddefne (n) lddunassnedndlnin
NYUBNNEITBINADANTLUIUNT MVMEANTWUaIRI8ITN15BLaninsaumdn (electrostatic method)
Fenevesiunsklsivasuatnugliin desiunasdnedndliitnasaan (v) Andlunlaainnis
wlasmedsiian 3-8 1iad luvaeinsuuasmiedsaianinsuuniuin (electromagnetic method)[3] @4
a ¥ U a a 1 =3 44 [ I a 3 P 1

WNeesiunsiadeunvesrnalnluauniiman Tonasulildiiu 1 Tad (a) Tiaranunuiwly
wasuAsTinaenensldu luvasiniossudanusou (heat engine) Mildlalnsasuaududomnas

MADAIULUALABTIVIAREY TArAuruILiuna s uanaudionattuly unasnidanasunaluy
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Y93819M157 0819lsinu TufidanudAgueseensiidanudangu nuniun1sdnuin nuausou
wazmsiilnavesnseualni Aevimihiverulaswasueuadnesiegnely  Alassasidiiianing

a

Tedidnniniiflanauifuvamdsnudanandiediu falassadreduilailudusianisfaailud
(valcanized rubbenid] sesfunisiadeulwailelafiazeiinnszudluiivdonssfulyiiiAuifean
maadeulvaiiu weileslgunsalvunadnrhauvieannsaUssglifunummeivdaUssqeld  Tu
ﬁﬁLﬁuLLiqﬂamﬂmiLﬂﬁauiwaa%&J’mmme‘] Wy 179 weu Bu Wi LAy 39 sruuvesnsukuilea
Tnssafafufemsauiwaiiouwnasiuiondsnuuuuliseiios (discrete power supply Liuiien
wFsrunaldtuUNRTIwaEIedoN LuuNease fo MslRusmnanavienaadlufiguiuiemaany
Tngmsa (3UA 1n)dhuuuumsdon (Ul 1 v) Ao msldsundsnunaiiintulnssoulassadiadandany
yieusamenaisisuiudesnsshiulassadidlaenss duenaietuluguuuuressados n1suuan
e ulssiiiniumaluladmasnundanuid loT Wuswaeliidugusssudavinivaiidlenans

ASANVDILNNNIST TANAN9U19T U

gﬂﬁ 2.1 n. Direct force configuration Wa¢ %. indirect force configuration

2.2 fugruusingmsallndledianynsnTuvauds

Wielidnlausingnisallndledidnnin gAnwdndunadesdianudilaneiiulasiadiuas

aunnsvandnnisluresiannaudeasliesuiedsdelull lassaiavesianwsdinlaeniluiinainnis



Jasvaiveseznoudimeiulundn (crystal) nilawdn wasadnuangquansaudanuduinsulerain)

A a = =~ = o i ) )~ 4' o Aa
LHBNWITTUTINANLAY TN UINAN Naﬂ@lﬂﬂa'n"ﬂSNﬁUU‘USSﬂBU‘WW\TLﬂNﬂQWLLagﬂigﬂ@Uﬂ'ﬂﬁJl@@@u (a¥maUN

1 a @ a

Uszquanuzauszgau) Beeiagn g dusedulueievie indussuiundn (attice) wiieidnfigaiidl

q
[

ANNANNINTVDINANSENTN Wwadniie viTe gllawad (unit cell[5] wazauunsvesginwadivaiilag
Juduadtsanudululdvesnisiinuantflndlediannin Inlsdidnnin wasnslsdianninvandn

duunsveslassEiIawanansantsesndu 32 wuu %3e 32 point groups Jeuaadlilunisei 2.1

=] . = 1
199N 2.1 LLERS point groups VaINaN

- AUNIATHAN - AUNIATHAN
ICUUAAN ITUUNAN
(Crystal (Crystal
International  SchOnfies’s International ~ SchOnfies’s
system) Remarks | System) Remarks
notation notation notation notation
1 G - F o+ 3 Cs - % 4
Triclinic Trigonal
i C, | - - 5 C3, | - -
2 CZ - * 4 2m C3\/ - * 4
Monoclinic M Cs - 4 32 Ds - -
2/m Cop io- - n D3y Po- -
mm?2 Co, - % 4 6 Cs - * 4
Ortho-
ormbic 222 D, - * - | Hexagonal 3 Csn - % -
Mmm Doy, Po- - 6mm Csv - * 4
il Gy - X+ 6/m Cen io- -
Tetragonal 7 S4 - % - Cubic 622 Dg - -
42m Dzq - 6m2 D3 -t
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422 Dy - * - 6/mmm Degn [
dmm Cay - F o+ 23 T - *
4/m Can Pio- - B T, oo
4/mmm Dy, io- - m3 Th P -
432 O - -
m3m Oy Pio- -
inseamngludiuminemg © | 7 mnefsannasidaudnats (centrosymmetric) slsiuans

Usngnisallndledidnvsn dmsuedeanune © * 7 uay <+ 7 nunefauniesilifigudnans
(noncentrosymmetric) Tnafl “ * ” Aoauuinsiuansusingmsallndledidnnin uas “ + 7 foauuns

Puanaiausingnsadlnlsdidnvisnuazmslstiann3n

& Y1 = aa aa ¢ aN o P ) & ' wa
‘U']ﬂﬁni']ﬂ"ﬂgL‘Viu‘l@l'nmaﬂV]llalllJ'W]3V]3JﬂUEJﬂaWQ3J@§JJVNW3Jﬂ 11 wuu "VUQNﬁﬂLViaqugﬂglﬂﬂJﬂmﬁﬂJUﬁ

Y

< A

Indlediannin luvasiivienguilanuinsladaudnatsdadiog 20 wuu ndnmarianuisonans
Usingmsallndledidnninld fregrveanisisesivemdniifianunsniaudnals uazanuinsnlid
Augnane wanalilugui 2.1 wag 22 mudwiu sumaesillddmsunisesuieanuduiusvetauung
= o ay a & a L = & a caa a4 W =
voawaniuusingmsailndledianninedaine lugun 2.1 \Wugidawadniinsisesiivesssneulundn

299 NaCl @eflausnsiidaudnans lnedunalnainlevinmsainidunsaandundsaudnats (undde

Y

uvida O) ludsleseuneginlunlnanan uagvihnisanidunsdnasandunisgudnatauslainty

Tuiianssfudruduaiausn (thaw 180° fuasusn) sxnuitleseuiidunsianiunutuasulosuyila

=

1Y v 1 ! - v - + o + i V1 1 o
Weariu (fegau CU Au CU w3e Na v Na)) 21n3U7 2.1a asuladndelifiussnseimieain

& A

WudanasianannaudTveslszauInuazauIzey  urisReiuAeiiyn O uilvAisiuvedlnal

Iswwduiiandugue WelusinszyivSornudulanasondn (JUN 2.1b) 9agudsiuveUszquinuazay
Fapsagnyaifeiudsiuioihlirsuvednailswdu (net  polarization)  Fefimnlumudviniga

T Y

Usngnisalfsnanantunsdivesdniiavuashifiaudnans (3UN 2.2a) Fslundiiudiegnsvendn
wnglnuea (Hexagonal) LilalaiiusanseyivisonnuAuienasenin IAUETINTDIUTERUINUALAUIY
! o oA v oA A ' o a < L4 A A o = ¥ a
8y a shuvdufigdiupenyn O Alwarlsiwdulaesiuiianlugud udideflussnssiviannuiudieng

BNANIAANETINVBIUTTUINLALAUTILENEONAINAUMIFUN 2.2b AsiuFuilvdmsinvednailsedu

Fadlenladwiiuaug
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JUN 2.2 fregansseaiivesmdnifiaumnasnfigudnans Asiuvedlnailswduianduegud (@) Welyd

LIINTLNTDAMULAUTINARBNEAN way (b) N8lALsINsEvsaANULALTNaRaNan

JUN 2.3 freganisseaiivesndnilifauunsiifigudnans (a)rmsuvedwailseduiiandugud e
Liflusansgrimisennuiduianasiendn uag (b) Arsauvednailsiwdudelivindugud

AT INTEYIUT BAULALLTINARBHEAN

ANTINVBINITWUINGUANNIATVRINANwaznAnTinuanTRlndlediannsn lnlsdiann3in

q

waglslsBanyin awnsanansliiulaanuauislugi 2.3
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JUN 2.4 anunasvesndnuagndniifinuaudilnledidnvin nlsdidnvEnuaznslsdidnnin Gaudasan

LNANSD19849 [6] waz [7])

- & vy 2 Ao oA ¢ K]
NIUN 2.3 miulihausnsvewinidaunasilifigudnarsdiegnimvun 21 ausns 310 32
auuns fauddn 21 anwmsfnanegluteulafiaunsauansnuaudilndledidnninle witlognis
2 . av o wal ay a & a Y o & e a AV 1
AUNMIAD point group 432 TildanusauansautRlndledianninla Astulandeaunnsi bl
Audnategiies 20 wuu wihuiaunsowansauURlndledianninld wazatelu 20 wuulld 10 wuu

p= ) = v A a X . . A A I
Hwanlsiwdunuuanmislnanlssduninatules (spontaneous polarization) Adedn 10 wuu LUu
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1Y) a v A a X . . v A
duansilnanlsiedunuuanielnanlswduifaues (spontaneous polarization) Twanlsiadud

'
a

AntueaiiAnnnnisiUdsuuiaseiaveudn Sognmgianasieumgiia? (Curie temperature,
T.) fetfundniiftausaslunguiazannsouansanauiflndlediinnin nlsddnmsn venanifulnanls
wiuesdnursilunduianansonduiiemnufiensvesaualiihilvitondn wanfidinmauiics
ﬂﬁjuqmﬁﬂﬁnﬂjﬁﬂﬂi’] Nﬁﬂﬁﬁﬂmauﬁamﬂﬁaﬁﬂw%ﬂ (ferroelectric crystal)
2.2.1 maialwanlsiwduls]
msfindnannsnuanstsngnsallwdledidominlddudesmnudnmaniuinng

Wasuwlasen  Iwan s tidaaannksaAulenanieusnuinseyin nanlswdunnaindeifam1siuved

' v
a a

Talnaluaus  lalwaluwudiduainnwesivavenisuiauasfirmnisesianalnii (polarity) MAndu

NAYBIUTEIUIN (WA g) Uazau (W q) Ngnuenasnaniudananstilugui 2.4

3UN 2.5 lalnalsaud (P = qa) 099INAYeIUTERUIN (+0) kazau (-q) Nlszeyynawiiu a

AlalnaluuAvesdraIUszauIn (+9) wagau (-q) Nlseravihiu a awnsamlaeInaunis
naluil

P =qa, (2.1)

lagfl P Ao Avdnwasveslalnaluiud g AsruInueUsey Wag a Ae Se8ereseninesey

Tneiugrunmsiialelnalums Tog 5 wuuldun
— Biénlnsiinlwanlsiwdu (Electronic polarization)
— ozpouiln %39 lovsuiln Iwalsiwdu (Atomic or ionic polarization)
— lalna 3o serdsumiuuealnailsietiu (Dipolar or orientational polarization)

— Twanlsiwduiiinues (Spontaneous polarization)
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— Buweia wie awavisalwanlsietu (Interface or space charge polarization)

gﬂﬁ 2.6 mMsiAnlalwaluug 98 5 wuu (a) Bi8nTnsinlnanlsisdu (Electronic polarization), (b)
avmouiin wie lesauilin Inanlsiwdu (Atomic or ionic polarization), () lalwa 13e serdeuwduuealn
anlswdu (Dipolar or orientational polarization), (d) Tnanlseduiiintues (Spontaneous
polarization), (e) dulmasiva wie awnavisalwanlsivdy

(Interface or space charge polarization)

sUkvvvadlnalswdunuuine uandiiuluguil 2.5 lnesssunfudiosnauniloznousiia
Iolwaluwdidueud esangeaudnansvesszquinuazavegiuniafeaiuuazazinasiudugud
1Y (% dy o 4 L3 [y o Y a
widhegmauitignidbiluaunulihasinlvigaaudnarsvesdszauinuarauuenesnainiuuagiiliviin
lalwaluwud dnvauznsiialalnaluwudnigluezneuissnnauuliiinieweniisendt duanlnsd

nlwarlsiedu (electronic polarization, U7l 2.5a) Falwanlsiwduviiniiinduduynaansidesainiduln
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alstusyivesmeunarazintusaudiofimsliauulrihfuaaswiiy alnanlsefuriafand il
Atfossnnilatisuiulnanlsieduriindu Inanlswdusiadeunie oznoniin vie leseuin Inalswdu
(Atomic or ionic polarization, gUVi 2.5b) IAngulenzaansfiiwusyleooudn (W NaCl, KCL, wag LiBr)
uararintuilegnaudnansaslessuuiniulossuatuenantudefimstiouauslnih eauulwihi
Tanasaudugud losouiin Inanlswdufezmeld dwsulalna vie sedounduusalwailsiwdudy
Tnanlsieduanifntululunavesansiiflassadsvesluanadiliaumng iy H,0 way HOL Tugu 2.5

Y 1 g = s U QAI a 0 2- v ISP 1
wansfogsvasluanavenidaiannessnvesinarlswduiitinen H' (2 /) uaz O (1 ) flanll

(%
I &

wihiugus feusihagbifauuliiuiennnessuvednailsiedund i bivifuguddues
Feunduusalnanlasiuiafulnanlsiwdurinnns utedwlsimuideluanamantunsudiudy
aans W 11 (,0) eaiisuntuuoalwarlaeduresusasluanaaiosdifueg1edu (random
orientation) sstiuddlifidinailsisdusan widlelafnuiiaasmeardgnanalimeldauilainoeyili
mssssivednalsduveadasluanalyiiiansluluuiierfvaunuliindagilfiaalnadls
Fusan wanlseduriareuiflenudindmsutanmlsdidnnsn Ao InanlsiwduiiAniuies

(spontaneous polarization, §U#1 2.5d) Inanlsisdufana1iiifinainnisivasunlasveanavaswdn e

=

gungilanadniugmgiias (Curie temperature, T Unailsiwduiifiaduesiaziiianzlundnid

anunsuRUssnyitudmna 1l iudineuntil nanlswdudinaniliinadenaaudinianienieves
[ [ -

Faouluegrann wwrilidaladidnninigann Tundnvesudenanlswtuniintwesasinvuluusaze

Y

Taad (unit cel) Wouwsazgdnwadusuditudunininalswdumardasdifianmauuuduiavili
wnwesvetlnarlsiwduindreiuduaud uilelainuiiinsdowauuliiiliunudnaitaziinliin

o i a s = o o a = ) = o ¥ a 1y}
aﬂilﬁzjﬁdu%a\‘ll,l,mazguml,%aa Nﬂ']iﬂ@ﬁﬂﬂm'ﬂuuu’)mﬂ‘vnﬂL@EJ'JﬂUau’]ﬂJlWﬁ"le?NﬂgvnsL‘V]Lﬂ@IWﬁq‘LiLGUGUUTJlI

a

gaminaulavednanlswdunintuesiifie Weisndeuauulinlvgdier quilsudranauulniiaudy

Aud Inanlsiwdunvarldanasudurudillosanasiilnanlsiwdumnsing (remanent polarization) s

Y Y

[d =2 a

wa & o ¥ U a a a 6 a a & = =2 o
ANEUURANYIN LA En IWQI‘U@Laﬂ‘Vﬁﬂ WislsdLannsn (MIMUUNANLTILAYD hAY ‘W‘Vj[ilaﬂ) mmsagﬂm

q q
4

Uszgnduildauld Inanlswdueingavinefaznandddunife sumesina vse awavisalnailswdu

[
| | [

(Interface or space charge polarization) InanlsiwtuytiniiiAAsutnoy LLazLﬁmﬁ]’mUiqu’mﬁa

aufavauiu o UShuseusovedansinavilatudan veiRnTuusanvaunsy
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2.2.2 Usangmsallwdledidnvsnluws dinmslsdiannsn

nsfeniniifiauaudfudlstdnninasuansusngmsindledidnvinlatu wsdn
wwdesrhunszurumsiidiavienisinanoutaldeu nfindnuudaluund 1 msdunuin nsl
nszualyliluiievhmsiwawsdinnislsdidnvin @dunyudn) siliiAamsdnBesinanlswiuvesndn
yiolawunisluesinuaziliesindeuauifimdlsdidnviniadoafsfundndnies fedu
nszvaunsina WunszuiunmsddgiissviliAnannlndledidnninluesdnnslsdidnnin mnlid
mslna wiinazliasuanmushiusasndnazdulndledidnvEnogudrinudosaninanlsiotuas
inmsdaFesiiluiiamauvdudsiliinalsedunusidduaud Taemluudmsinawsinmilsd
\dnn3nagsinlasmsteuaunluiifvuinganitdraunulniiaudns (coercive  field)  Faidudn

v A

aurulwidnAvinlilwanlswduiiniswasuiania lneuninisinaaszvinaeldauiulnidinsznansai

) 1

gamafigauliiiugamgiie (Curie temperature, To) 1w Inadi 120 °C egamgligsiiadszuna

300 °C aunsllwihazgndeumdliussfunazgumpdaciidunadszana 10 Wil ndanduisins
angamgiinutavselndlfugumglineudidsandussiulninaulugue ndminnisinadwidnegldd
avudfnuudlnanlseduneluesfinmslsddninawlnydinsSesilufiamavesaunulniile
msina Inanlsedumaniidendt Inatladuasing (remanent polarization)fsiinaniuuds aw
laezunsuiiuansiirnswadlnanlsiedufvauailviuanstilusud 2.6 wdsnfiunsinawdauesiin
avanansniuldauld uinmslfouesdnuaidasdeddnuiigungismninamnie? waswsin
wdvaninalaeduiegunadanigumgfies *  lunsujifudresdnmaiilingldond

Y Y

gaunilliuAI MR iiaT

UM 2.7 mslnawsinanglaawnluiauan (coercive field): (a) Apwinisina Tnanlsiwduiinig
doseamluiirnisuudy (b) variinisinalagdivauulinssuanswililnanlswduiaseaiinig
wuauwli (o) nasnisina TwanlswduasAng (remanent polarization) d@uungadaniglndiAss

[y

URAnsvasauu i lusueAivinnisina  (awlasainenansenads [9])
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Usingnisallndledianvinuusseniluassisingnisalfie nananse (direct effect) uagna
foundu (converse effect) dwfu Han1anss (direct effect) iuusngnsalfivaglndledidnninasu
nEauna (Audurionanedsaidang) undsnulii (Uszalwiwdenussdnaliii) duen
sUwuunsvhaild edesiuin (generator) wawuuouNdU (converse effect) LHuUTINGN30T
Wagundanulidundsnuna - SaasiliiAnnsindeuiivionsiaunisnaiiesainnisiou
aurnluiigaly Fongunuunisieauidn uemed (motor) egialsiniudesfisszdnliiauadn
Usingmsaifanannasiatutuesidin (wiedn) islsdidnndnldfdeulowsniinldiunisinauiuda
dosnTnanlsstuudinmesdduiiammesusaioauuliifinssvewsiinaiinadefianis

vadlnanlsidunionnunseanintuuiy denlawansiegausenauliluguin 2.7

Uit 2.8 Usingmsallndledidnnin (@) ndaaniwsdndiumsina InanlswdudaFosinunun
awulndin (b) uaz(c) nananss (direct effect) wie wdesriuiindaaas (senerator) GRRIPRVIGIRN
vowusailfasiinasefianisvastmtednalnihille (d) wae (e) nanuudoundu (converse effect) Lu
Usingnsaifiasundanuliindundanuna feagiliAnnmaadouiivienmsitnunisnatiesan

m3teouaulnindily Senguuuunisviinuiin wewes (motor) (AawUasanienansensds [9])

Tudsndinmansaunsiugiunldluniseduenavesusngnsallndledidnyiniisaosiuy
aunsadeuladsilfie
D = dT+¢"E (generator) (2.1)

S =s*T+dE (motor) (2.2)

Tedi D A1 dielectric displacement (438 polarization)
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g’ ARIlABLaNTSn wse Ad@nneew (dielectric  constant, permittivity), #aen T
Mneie AAuilA1Ae visewwsiinlignidnialiena (mechanical unconstrained)

E Aauulnidn (electric field)

T AALAU (stress)

S AALATEA (strain)

d st vde dudszavislndleBidnnsn (piezoelectric constant or coefficient)
sF ABiAviE (elastic compliance), fen E g aunulndihiiaasd wie

ddninsansaewinuvetesfingnaed i (shorted circuit)

(Y I

lagaunishn 2.1 uag 22 aSuigauduiusseninnuautaddlninduidanaves Janieled

[ a ] 1

Bnvsn 1wy Iwanlswdukazanuesen Tuanuduaswdirmsiwesildluaunisiduanilaauds

q

[ '

Juegiviienedslaemllazilidilainetulagsyysmednaviosasssa (Glddyyrdnvaluuuii
sunuuazldiiosdddalddmiumuiges) wu duuszandlndlediannin d;; nsivueiianieiog

favaunsaasuisatnsiglaeasalUdl

JUN 2.9 unudedeilddmiuseuiiamsvesusingnisallndledidnnin

INFUN 2.8 AAN19YDINITINAILULNUAILARNIWUILAY Z FIUNUAILANAY 3 LAUD DNABINY

Y
Y

ARIINAULNY Z ADWNU X WaZ Y WNUAIEEY 1 Wae 2 d195ULa% 4, 5 Wae 6 THNUNISUATOULNY 1,
2 1Az 3 MUAIRU @9leerluaznuneta AMNUAUNSaANULASYALREY) 8nf981UTY TunsmNluTau

Wunsziinnedan eliaunluiwntanlndledidnvinluiianisiidminduiianisesnisina (s

q

[y

aunulvihluiianie 1 v3e 2) awvilAAnnsiUasuvwinvesianluwuinminiuiiensweanising (An

[

ANULASYALUTFNIG 1 %50 2) TaaunsowanInNUduRusiagltaun1sn 2.2 nadl

Si=dyEr (T = 0 Wesnlafianuidunseyinsiedan)

M%E] S, =d;,E,
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ietgwwesusngmsallndledianninuuunadoundulufianiaineg wandliiuluzud 2.9

JUT 2.10 Usingnisadlndladianvsnuuuradoundulay (a) Jeuawlvihluluiiemafeaduiianma
¥pan1sina Yilaian1seadaluwnu 3 (dss-effect) wazuaslunwinny 1 (ds-effect) (b) Turagiidou
aunu i lusuinsainiufienisuesnsing s biinanueseadausaulny 2 (dys-effect) 1ag

wulszuanstiagusidanneumsteuawulih Wuivuansgusndeulundslaunali

6

dmiuianlndledidnvsnamisdwmesildusvenfsnuantfnnudulndledianvinisenda
Faauuviannuan (figures of merit) Badl 5 dilddajldun Aasilndledidnyin d (UnduFoniidasd
Uszqlndledianyan (piezoelectric charge constant)) Faldesunglideunthd, Aesiilwdledidnyisn
yi3o AAsiidnalifinlnaladidnyEn (piezoelectric voltage constant) g, wilnmasgaaulndladidnydn
(piezoelectric coupling factor) k, wnnLMBIAMAINIING (mechanical quality factor) Q,, ua 8va
afin Bufiunud (acoustic impedance) Z anasiilndladidnvdn 3o Amsdidng i lndledidnnsn
(piezoelectric voltage constant) ¢ tHumITIfwmesalddmsuusuenianiuainsalunsadian

Andlnineniisvesmnuauiinsgyiuuesdn A1 ¢ danuduiusiu d el

d
= 2.3
g R, (2.3)

Mo K fAe Arreaniladlanysnduins (relative dielectric constant): *lusinsiunsaulaeianig
masudmnssu s eddninsindnazunurnsiiladidnns nduimsme

e, o A1@anINEeY (permittivity) Yot N1A A1 8.854 x 10~ F/m
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[

Yanawilen ¢ g9 o A0 d asiiniley 1etaniiansiiladidnndn () i wsdindidan g gedau
Tnguédndusanuslsdidnvinviiauds (ferroelectrically hard material) amnefefaqmslsdidnnin
Uszianilnalswduinnisduuasufienia(polarization switchingldenn uazdidnasiiladidnnine
YaquislsBidnvinadaudsdfouldvindudgeln gas  ignitern) wilnmasarulndledidnnin vie
piezoelectric coupling factor, k (Lol kas, ksitbae k, : *iitolailiinanudvauvelidunguwnnes
gmulndledidnninazunumesnusniwdangusda 1a 1dn (k) luvasiidasiladidnninazunusoed
wlvg) (K)) Wuaildaanuanunsavestasifauandimlsdidnninlunsdsuwlamdsunaiy
Ihmsonnwdsliiindundanuna Tnemldansniiaesvessnidiuvemdanuilies nunluguves
Ilihondanunarauailidnly (dmiuwanienss wde direct  effect) wFomldannsniiaesves

IMIAIUVBINA I UNIINAN e N lasanasnUlni1enua Nl U (FnsSunawuudaunay 1o

converse effect) AuvnmasanulndleBidnninatnsadeuliluaunisnad

M Ay ¥
naanunla

k2 = @ 4 A 9
‘Wa\‘lﬂum‘ﬂuﬂ‘ﬂﬂ@umﬂ

(2.4)

[

Tngunfudanisidsugiveamdsnuluihluiduguveandanuna wiendsnunadulniy agl

(%
&

auysel Aatue k agiesndt 1 waue dwmsutanlndledidnvsniiftualsien k Nige wendin

Inevialulian k, oglugie 0.35 dmsu BaTiO, waw 0.72 @ iU PLZT unnmasamn1niena
(mechanical quality factor) Q, {usiildusuenivdnumuzauEvegUseana SuveBuiiunugi

ANuDLtELuY TunNNIEAIgAIFINEI1EUBNIINTEANARINTENITAAAIIUASEAYBITARNTIAIILALS
1 U U U U '1 ! = a d! 4 U L L3 ¥ 1 U 1
Tguuu drunduresrniing s (Q, ) Yavenieruggdeidnadaunuiedydnval tand drA1dInan
fAnnnnsgadendsnudanavazduvesianiiasannisganamlugiianunisiaiuuaziuine oz
a a a s

ain dufuaud (acoustic impedance) Z 1umsnilwesnlduseifiuanuanunsalunisatenonnd ey

AUARULAEY (acuosutic energy transfer) seniedanaeila Famlaangns
Z =,/pc (2.5)

lnefl P AoANUVUIMUY Lag ¢ fin Auwdadangy (elastic stiffness) 10970
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2.3 anuinugruneiuaniwwslsdianninluwsndin

loezunsuluguf 23 wanddiiiudndnifliauunsilaidaudnais (noncentrosymmetric) 10

Y

wuvasakaninanUAtnlsdiann3n (pyroelectric) la wannguilflandfamzfoasiinlnan sty

wuuamshut e inde (eaumgiinini gamglias) Fwisanindledianviniauialnanlsdudle
[ a =

fanuAuninseyiniitu Jaandauaudalnlsdanninssiinarlswduniiniueuiiodninnis

a

= d' a = ° ' = o 8 ¥ a ~N o o =
LUaEJULLTJaQLWﬂLN@QWWQN%@QNaﬂaﬂaQ@'}ﬂ']']'qmﬂﬂllﬂi LLa5‘1/]']1‘14Lﬂ@laﬂqwuﬂ'}ﬂqjiiuj;ﬂs@aiqﬂNaﬂ I‘W

Y Y
(%

anlsiwturesmdnydatinisdsunlasmugaumvginaiuiaiend anmlnlsdidnnin (Inls w3a pyro
171971001ININ N8 Ausau) A lalwaluudlagsiuvednantnlsddnnsnuusiulaensaiy

aaunndl vinlmAnn swasulkdaaienianistnavaansehalndnnlaanudndiaiinistiainusouwnnan

9 Y

[

Yaglnlsdianninurnquilnuauidfiaedolnarlsiwduiiiniuiesduaiuisanduiianialilag

awliihneuen Tannquiawmantignialveglunquuasiannslsdianynin dslundnmslsdidnnin
= vaad o o A
Jaflnuaudindrfyaotdsenis fie

1. flnanlsiwduiiiinlaies (spontaneous polarization)

2. Tnanlsiwuiiinlaies (spontaneous polarization) anunsanauiianislalagauili
Meueniliwingn wenlinuslsdianninenaudalaidu 4 nquges dauandlilugun 2.3 auviinves
lassasavesyinwad Ao

1. Ngu tungsten-bronze

2. N&AY oxygen octahedral

W

n&x pyrochlore
4. nay bismuth layer
Tudnguil nquil 2 (ABO5 perovskite)[10] tlunguilanudAgigauazgninaundszgaildanuiy

g9 wfinuilsdidnvEnildiusnluieduldun BaTios, PZT, PLZT, PT, PMN, ua

ee

(Na,KINbO, Tassainalasiinluvesydniwaduas ABO, uansluguil 2.10 Fauandliifiulasiairsvesyln
wad  ABO; visluyuuasveslasaainanuy perovskite (U7 2.10a) uag oxygen octahedral (U
2.10b) Fegudu gllawadves PLZT ﬂizﬂaué"ssu,ﬂ%éziwﬁLﬁ?j'amiaﬁ’uﬁagmaa oxygen octahedral
Tnefl Zr' waz Ti fighunida B nelulpseadns octahedral (octahedral cage)11] wasdl Pb™ uas
La”" egffiduns A Fadudumisiiunsnogseninaresinafitinainmsdousoriuyes octahedral
desnmsiimuszafidnstuves Pb” waw L™ orhlilassadshifiindunaramislwibdadudier

Tlassasrafiandunanamalnily uvnasiuwmises A wag B TupSav18999 octahedral agtduiing
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31J1'7i 2.11 (a) 1A59a579UUY perovskite (b) \3eteuuuaudAives oxygen octahedral 483 PLZT

= IS Y a [ 4 _4 d" d‘ v o 1 1

diefinstouawalnihlifvgdnead losou 2r~ waz Ti aziedouiluaiunislniniy
fAnaveauInily e nudniinisiseedaiuudy (randomly  orientation) wag teeaugnysRuly
wisuanizuaianddundnvesgiinead nsindeuivetlossuialifianiddndifesiuiianises

v ¥
a = o

aunaltih egrdlsfnnandefinsindouiiiintuasviliiinnisiasuuUasuinvesy dniwadesisuin
uavasmasiomaiUAsutuIaveaesfiniaty nsdsunlasuuinenaundessann 0.2 % lufianis
puau sl dlasu uagnindsuuvasmesuia Tufiennsiidiannfuauulniiazian Ussuia
psvisvesmsiasuuvadutauniliiin msiasyililnanlswdunielamm (asm vaneds Twanls
wiuflegluuinanfsrtuiiimsdadssilulufiamaientu) nduaniinsiadssiuuududnaiomis
wilouanmasunsiausiluiansnsavilslaenisliaudeunnianfigaumgiiandt gumaies 49
Bennszuaumsiiin msaanetalaennudeu (thermal depoling) [12], [13]

Tuguil 2.11 wansmswasuiisvesnisinanlsieduinainnisiedouiives zr wag Ti Aauy
¢ Tulassadrsgdnmadinnselnia (tetragonal structure) Fafimmavasinanlsieduarunsnfinduld

PI9RUA 6 VAN
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Ut 2.12 maBsufirvesnisinailasdululassadannssinda (tetragonal structure) anunsniindu
Iéiamun 6 Favnedstuegfufimmavesaulaihiils
pufinasnuduileydnwaduans q mhefiRnfusgiinarlsiwdudaBosilulunuaiieafiug
Boniuiidnlawumnidawu Tannudarlamuaziings (domain wal) wenfulawndy o fideeily
Snfimmania Tanlutagiflassafrendndunnsslnda  (tetragonal) azdinsdusasufiamald
aoefiannefe duAsufianng 90 aeen (90° domain switching) waz 180 oA (180° domain
switching) msdumasuiiamauuy 90° agviliAnanuaienluian luvngiinsdudsuiiamauud

=

180" azlavilAAnaasen luvasilutanfiindnuuusenludnsea (hombohedral)  awtinnns
duilasufianisveslamuiuu 705 © waz 110 ° Sdiwaviliinainunioaludan wasnisdudeu
a O=%Vv 1o wya = = o 1Y) Y a & a

fiamsvedlamunuy 180" daliviliiinanueien (Seazideanineliulauuvesdanmslsdidnninag

Aaluund 3)

2.3.1 didnlnsansndululsilindslsdidnyian

didninsaninduduusngnisaiilegrmiaweslulfigana (electromechanical) i
oefluaslnBidnyin (dielectric materials) faduTagamnuslsdidnyinisdananifdanandouiu
Usingmaldinanifemaudsunariesusnsestagdedinsteuauulnihnieuenliuntan ua
mim?alsJuGumWuaﬁa@iﬂﬁuﬁuﬁﬁmwaqaunﬂw%ﬁiﬁuﬁi’a@ Gum@suaﬁaﬂﬁLﬂﬁauLLﬂaaﬁazLLﬂsﬁuﬁu
fdsaesvesiaulii il Sidnlnsansnduinaainusngnisailwdledidnvinassi Janlndledidny
Snasdinadsurueiferuduiusuoudadunssiuauu i dly uasfiansvesauulwildlsdy
Haflnarofiennmadsuuasmueaestan (M3da wiona) fufuanmsananld Sidninsansndud

navibiAnn1svenensedamvesTaguiniuliiinisueda) lidnsteuauulniluianiedaiau uaz
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Fanarranesindulddumewfudeusiaainauuliiiunnseyi (g3un 2.12 Ysenav) dwmsudans

a1

199dnn3InNaveIdlaninsansntuilatesuniilasuiunaveslwdledidnnsndleauu Wi alaian

oy aun1sidenndesiulsingnisaldianinsansnduausadoulanad

S = mE? (usdvasaunulnii) (2.6)

S = QP> (Quwsvaalnanlsiodu) .7)

s
a

Wdio P fie Twanlsiedu m waz Q Ae duuszansddninsaniniin (electrostrictive coefficients)

! a v ¢ a a a a o & a a ¥ Y
wdeiulsngmsaliieledidanvisn Biantvsansnduilulinamannnesineunfazdowuaniiay
vegluaunisnie) lesainiiddninsaninduluguaui@laeniluvesaisiadiannin (dielectric

materials)nwiia lid1azidu udn (crystalline) vi5e adnugu (Amorphous) Ainu fatuansnslsdiany

= a

Snsdinuantfsanantedee Adrdyfe dianlnsan3ntu sziinasgrauinluaisinslsdidnnin

(Ferroelectric  materials) ‘loanswarfleglutisgungiiniaindiiai Te idndos Fadudiegungiiia

1 a

awnliausar limaveansisdidnnsnliiaios (unstable ferroelectric  phase)  84an311u

AaantRBaninsansndu darusathunldussynatuanssuanaas (relaxor materials) Wy PMN, PZN

(lead zinc niobate) wag PLZT ifieadlen Te eglutieninawazegludaaumgiligaln Asiuds

a v

aunsathanssuangesuildnulanyigumglinoutianing

Y

JUN 2.13 Usngnisal @)IndleBiany3n uay (b)ddninsassndu neldauulih

o

andvaninsansninarursafazirunldaululnunvsdlndladidnnsnlaaldauulnirluda

9

(field-biased piezoelectric mode) FavlalaemsTdauulniilusanszuanss (OC electric field bias)

wndandianinsansniin awulihludatesmienihlidalnalswduniiouluianwslsdidnninla
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(ferroelectric polarization) AstiuluvaeifiawulniegJanaunsouanssingnsallndlaledidnnsn
16 wazgBawwlwiiindunavesusngmsallndledidnrninfaziinunntusiae endiog9ituausavi
Tidansusnasvenadalauin (@1u1saviliiinAianuheanuswIenIlaas 0.1% dmsu PMN)

AuFuRusSYeIduUseansSIndlediannsn d dual IwalsduazA1peanladdnnsn (dielectric

[
a

permittivity) @usaideulana

dy; =2Q), Ps g, (2.8)
d;; =2Q, Py &5, (2.9)
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A a = (% ¥

I Vo a fLa o v (%
W Qp;  way Qp ABANFUUSLANEBLaNINITANSATINAINEIT WALAIUYINNANUEINU AIUY 01

sosnshidulseansindledidnninas azdesldianniia1nsiiladianvinuasarlnatlaiadugs fn

Y
Y} £ = a6-9

duuszans Q Muandbiluaunsthsduduanvuedfvaaumgl

Y 9

2.4 WUIAAYBINULAUNEINAIURALNATANITHNUAIIUD

gﬂﬁ 2.14 Schematic drawing of energy harvesting floor tile
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& a = O Ay a & 1 a = vo o ad a N 9

Judasy uagiuangduiineuinaaunuiaainfegiiuanunsealiiuiiieleBianvsn - tieliundeay
MAnTurMEAnNsaY wilmdnanisineguuvesiouiia dmsuldfmauiavanifneglirinvesiiu

Allandsnudlowiuiugniviey uasiinaafnssunfnnslissnitaninuazwivina1nsdmiunisgn
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o )~ a o a o O A A o 1 o X ) ~ = ) a o
PULLIINTELLNA llﬂqiﬁﬂmﬂaﬂiﬂmﬂgwﬂﬂﬁLW@@ULLNUNW‘U@%UV‘@QQWﬂ@Jﬂ']iL‘WEJEJ‘U LLazﬂJm'ﬂ‘Viq@ﬁ]ﬂmﬂl'ﬂu

Tassasraiiadasiuieladiannsnidemeansseznisaunuiniuly

gﬂﬁ 2.15 (a) Waiting for load; (b) and (c) Loaded and unloaded states
of energy harvesting floor tile
= Y 2 £ o o o - N & o a [

JUT 2.14 uandliutadwunisinuresnalnnisiinanudvesiuitiandany luan1igse
M3Y9U (FUN 2.14()) B09919710858MIUIEND1ITUagUIIanan (dy) FealiAssasiivunzay el
[ ! =2 1 < i 1Y) = a a a v & ! [ a & A
wladuseRagannulmana1sFy,) agldlusuniumsdureiisledianysn Auiuuiananaisianuile
= = o ! ] o ' ! ! £ 1 [

Fa = 0 ussflagaiinsevilagusivananisiidinadedesiterniaaiansamlanaunisusimaniufinves

Maxwell sasialuil

B’ A,
F, =— (2.10)
2u,

=®f o 1

Wei =1, 2, 3. 09 24 weazAszunedivewiwmdnaiswastveladidnnsn. B AeA1Ay

]
(%

NS NFUUdn A, Aentidaiiufivesdd wag Ly, ABAINITUNINFIVEIBINA
] U d‘ = = -] (7 d' dy ] a (7 = a
dmsuanuzielinismdeu nalnviniau wansiagy 2.14() Wenuinllandsugnundey auss

gnUudarmensson (F) NNV SIMBIUAY k3959 F, AITILUINNIMTIRINTUVBIEUTA (F))
a

F)Y Fsidlo a fiosiuiuvesat3efild anngdefiaeswasinduuay nques £, wae Fs anansodmuld
=1

INaUNSHIfa U

FE=mg (2.11)
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Fg=—ksh (2.12)

A o v . = o a a - v a a A
LBRIRY j =1,2,3 and 4 35uﬂﬁﬂ7u3usﬂa\iaﬂiﬂ m; ABUIAYVNUNNUNUNNAYYY; ¢ ABAN

AMILIATNET ks ARATAINIDIEUTY war A uansieAnssezvdaiudsundaluiliadiusanngeiin

[y

anuglvanduduanuziwiandnunlndfuiunisiiianunuIwiuveauI L wlnana i uwiman

aM59gAgARIAVEn Aiulilndnansesileavuamuiisledidnninegliuiamnindmi wssiifadu

v
v

luuny Z (F) dawaldmuiieledidnnsnainunisiuuazminainauniseail
F =F, as0—F;.cs0+m,Q) (2.13)

e Feis wsamanduvasauiieledidnyin @ Aeuufinuuuretaivianands wag my Wanan

3

a =

1185700 nuwaz N ouInaNUangvasmuieledldnnsn  wSIRIndu Fe @a1unsasuiulaannaunis
Aaroluil [14]

F.=k.d| (2.14)

£%
=

d{' 1 d' a = a c a & [ a a o a d' a
e ke AnnenaUsavesmuiieledianysn d; AesrezinvasmuiglaBiannsniinlu wag k;
Amudlaanaunisealul
3(ET) 3(E1,+E.1,)

kic — l;‘,antilever — 13 (2. 1 5)

o

- A = | =~ a & = = ad a
W9 (Fcontiever  AOANBASAEAMEUVRIAULAEIEBIENM ( ADAINEITRIAULREIEBIENNTN

I A ' I ! [ L =) a & a I A 1 LY A !
wardulavdu £, uag £, AoAwenaavesdivauiisluBlanviniazvestudavgu uaz /, iU /, Asen
luudaudesvaaiisledianvsnuasdulangu luwuiaudesveuiisledianvinuasdulianeu

AuNsauMbeanaunIsaanabull [15],

3

w t t
I, = %Jr wi, (é ~t,) (2.16)

wt t )
I =—+wt (=—t 217
e l3 ee(2 n) ( )
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44' = o = a & a S A 1 4 P a
LB Wy Lae w, ﬂ@ﬂ?qﬂﬂjrmsﬂ@\‘il’w&ﬂ“ﬂ@LaﬂﬂiﬂLLa%%u&Jﬂ‘Viqu fp WAy t, WQQUWNWUWGUBQLWEJIGU@
&  a I a ! & Y~ ad a a =
dnnsnuaztudaneu waz t, AeAszezvnwesszuunaslutuieledidnvsn wanslugud 2.15 &

A11150AULAINANNITAUANS

2 2
Et,—-Et,

PO i (2.18)
2(E 1, +Et,)
galunintiu mnuesensniinlua e ieledEannsn 1HANNITATEIUN I ULTILAY X
F =F, sn@-F.sn0 (2.19)

;51]17; 2.16 Schematic of a unimorph piezoelectric cantilever with a proof mass

luapugndaninsivgey Wengneananiuniidandgau £ = 0 azuanslugui 2.15 uay
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duluUdaTEmMYANNg

2.5 suUaNsMlaN (Smart Home)
Tutlagtumsmvauasestdlniingludunsessuvannsvlau(Smart Home) tdundeuwas
wnsnateunTunazilontaszlasuarudeufstudugunsaininsgrunisludiu fesarnainy

avanauiglun1sAIuANgUNTalsige (Smart Device) MssaatlunsinUngunsaliing o nseusinsevi
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sruvinwarmdaendeniglutiu tnedldarannsomuvauiamualdnisluaivliudosedoude
HUSEUULATUE B WIS

Tunsmuaugunsaiie qehuaindnlnluty azfesidndanis viequdnarsnistanisgunsal
Boninnang (Gateway) dwsiluiadmiudougunsal Smart Device Vianun wagviinissudais
W mnunasetedumesiin

2.5.1 AMFWUANNITVINUVBUNALEY

Tusruuaindvileutu nsmuaugUnsal Smart Device fneqifis uaunniasagaiely

Fruty Sudursdesiigudnananisdinis Fendunnng Gateway) lasinangduasiiviiiaaugy
gUnsaimuedigldiinandeuse wasvinsdansanuzgunsaiiaun saulufnisfaieulumsrha
snennglian uasdnihiidedeyamailudadnines Weligldnuihuwenninduausamunuing

weldrnusyuuBuweidn fgui 2.16

JUN 2.17 N1siausavedssuUaNIsvley

nsiuvennanguy agfediilindulunisweussgunsalidnduinandieigldaiuisasey

U 3
. | '
=52 o ' f

gunsalnfesnsdinsiiunadills lnenadazdesduidnnissedegunsalifldinundeuse

Q_)E

Y

[
Y Y

= ) Y] ¢ 1 Y] ¢ v P a al'
NN LLaSNﬁQﬂsﬁuﬁLUﬂ'ﬁﬁﬂﬂ'ﬁQUﬂimuue]LLEJﬂLLG]aﬁﬁ'JQUﬂiﬂJ I@EJQSW@\TLLaﬂﬁ%@‘Vii@l@ﬂ@umi%u@'ﬂ
)

Unsaltiue elvigldanunsanainanaiuaugunsallatinuniinvenaig

)

lunsweusiesenInunanguargunsal Smart Device U 1Ha3nnsvuvamnsnlauiuiinisds

9

ToyanusruUAaUINglfaeegnaINasuInIgIuy Zigbee, Z-Wave, RF433, Wi-Fi, Bluetooth 1Ju

Y = @ Ay Ay o

fu Faudazytinnasiventoids uaznisiteusefiunndiueenty wazainyaussasndisauyiiviingtid

Induarsadieidulunsitensetugunsalnnele Fseavidunvesusazeiaazuandluidedaly
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JUT 2.18 inandigeuseynvilanau

Tudiunesgunsal Smart Device 1y azusneanduasiUszinvimeiufe gunsaluszunndunm
L PIR, Temperature Sensor, Smoke Detector, Gas Detector sy LLazqﬂﬂiai‘tJisLﬂVleﬁwmﬁziu

a e = a 2 v = = v Y I & ¢
aindeneg, Slundunsisn Wudu dddunisweusedugunsaitu AvsueniluaesUssinnde gunsal

[
o 1

Uszinnidousieannng ninefiviaSuuazdetaya asldniu Zigbee, Z-Wave, Wi-Fi, Bluetooth wagdn
Ussinnfegunsaifisuniedidayaniusie vunefgunsalvliaedng inandavaiuisadilaegiaies

Tanunsaeuanuznduls anilazldaau RF433 az Bluetooth Usdu WUy

5UN 2.19 fegregunsalasninlay

2.5.2 ssuumsidessialiangvasaunivlay
Tunswensegunsalantsnlauruaduivgliaeny sslinnudeyldaundng ey 5 vila

fanalull
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1) Zigbee

UM 2.20 \AT0IMILNENTTAY0N Zighee

a

seuvdsloyaliany Zigbee Aounsgiuanadmiunisdeansiiatgmenduing

)

sanuuulay ZigBee Alliance Fulunisdeasiianenisnsnisdsdayaia Tindsnue wazlisniiign

Inefigauszasdniseaniuuiiioldluszuuidugesiians (Wireless Sensor Network)lagianiz waznis

' (%
1 I

doansyilaliiigaiaupeaunsasessunisieusioaunsailaasdis 64000 aunTal E1UANUDAINNINTIIUL

9

b

oy 3 €1 A €U 2.4 GHz, 915 MHz, 868 MHz lnsudazgnuazilgesdyqyin 16 994, 10 999 wag 1

Y

1 o w

99 AUAIRNU Imaﬁé’mw%’ua’a%’auﬂaagﬁ 250 Kbps, 40 Kbps, 20 Kbps AU&10U

=p

su

v

2.21 Yoy Iuuad Zighee

Tunsadiaaseviaves Zighee U azoguuNINTgIU IEEE 802.15.4 lng Zigbee azilusn
ANUANITINNULELANUAINTATDAA QUNTIUUNUEIUNSWaNsaUBNT FaunsgIu IEEE 802.15.4
lowdsiingunsalluipietnsoandu 2 viia Ais FFD ( Full Function Device ) uag RFD (Reduce

Function Device) 114 Zigbee aliiuunvdinvossingunsalidu 3 viinfe

P P VIS

1. Coordinator AggUNsAINInNNas1ATeUe WonlswaToUeiande laef1mun address
Tifugunsaineglurnaietty Tty wagauadnnisisesns Routing iduvnedaya
2. Router it udadoyawavasiaduniaseninguniailuiniedig Ingaunsasutayadn

gunsalfmidsludadndlaniuddaves Coordinator
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1 ¥ o

3. End Device Jugunsnivatenivan Fudintisudoyanuddavintiu liaunsoddoya

Y

ndnaludBndale

JUT 2.22 JULUUNSIWRNRBYURY Zigbee
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d‘ a a g ~ 1Y o Y a o ! A o [ a ng Y v s
Wen@ntiluiiennsgiunisdsdeya vilrusenaegninnsdsdeyasintluldiussuvausnlay
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2) Z-wave

5UN 2.23 \AS0aMHN8N15A0Y Z-Wave

SEUUNISTRNARTIN (Z-Wave) Humaluladnisideuseliatefeaniuuun

dwsusruvanivnlaulagianie lagiin1snensauius Z-Wave (Z-Wave Alliance) tioguaisas
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3) RF433
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5UN 2.24 1AS0INNENITANVBY Wi-Fi
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Ll (wi-F) Aowaluladiriedisnuulians unsgiu IEEE 802.11 ldgnesnuuuaniiiaiuds
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5) Bluetooth

5UN 2.25 1A383911118M13AY04 Bluetooth

Ugns (Bluetooth)  Aeunsgiumaluladnisdeansiiatenisaauing g1u
2.4GHz gnesnuuuiionawunsWesenulaeynsy RS-232 Fadunsitededeyasenitsaunsally
& Ao & Y A ' PR YR a ' . = a '
ANUEINEN Taesguuiiaesesdin1sWensenunsnivivaedianon 138039013 Pairing 9aga1NNTLT0UAD
gunsallaliies 1 se 1 gunsalviulaglifesdidinaransdnnisteya
sounvgysladauiunldiumniulierainanuasainlunisindesenitegunsal auasnIn
Tunséhenisfeusessninsgunsal Jalafinsimulifiaudilunisdsloyangeau Wuneidu 2, 3,

4, waz 5 Tutagiu



35

mnaudenlunsldouidonsegunsaliuyile wnd Adueda lihiuneuiumesudoaundnlny
3al#finseonuutlifugnraninsaindegunsalldwdoutusnnndt 1 gunsal lunediu 4 Julv Tnsasde
sioluguuuy Star warluneddu 4.2 IEimsusuudiimadonsolduniusasfudsyadoyalums
Fousariieligunsalliwdsnudesas ilesesduszuu loT (nternet of Thing)

Tugrunmsldnulussuuamnilen esangunsalaunivleutuineglunduves loT fetfurudn
Fefinndenldmaluladugysilussuvaininlande udidosnnugysidudfissszuunisdeans Lail#d
ysdanasgudwivanilanduiotulli duduuisndeenuuuisfesinismuauinssiuves

9
[ '
U a v

Ateatuwn ilrgunsalannivlanluusaziviedslianunsaldausuiula



N139BNLLUULLASVINEBU

3.1 N1599NLUUNUANTANA ITUAURUUA8wHUNg T BENNSNLUUATUYER PZT

Auiglediann3n dauandluguil 3.1 Aeduwuuiuusnilinnsussivgiuiield@nyinueauda
wagAUdNwEvIIgaNiauNazin1sUTUIUInvesssuulmingaudunislguasaniinisldanu
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i 1 1 Yo o o & 3 a 1 [
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3 a 159 a 1 a { v i
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g‘d‘ﬁ 3.1 Validation of the designed machanism

Cracked

Voltage (V)
W
T

0 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Vertical displacement of PZT cantilever (mm)

gﬂﬁ 3.2 Voltage at the free end of the PZT cantilever as the vertical dispalcemant was

increased

JUT 3.2 uansmanisdnaesrnunuwivawIuwivan dafiuldianunusiundnduindnanatnde

Audiszey 18 dadwns anuimings lusseziussfsgaanuivdndmmaudauaunts daudmsy

[

MIAULUU AN d, lagnamunli 18 dafiuns A1ves d, Tlannisiaeslasunistudulunismaass
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15197 3.1 Dimension and magnetic property of the materials used

Parameters Dimension Relative Coercivity Electric

permittivity (A/m)  conductivity

(MS)

Iron bar 5 mm x 10 mm 14872 - -

Soft plastic 2mmx 10 mm 1 - -

Air gap 10, 14, and 18 1.0006 - -

mm

Permanent magnet 10 mm x 2 mm 1.045 883310 0.667
(NeFeB)

416 stainless-steel mass 30mmx2mm 440 - -

;51]17; 3.3 Magnetic flux dentsity simulation

3.1.1 n1sasragdauaUdulUlaNuANIanA I UAULUY
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;51]17; 3.4 A test setup showing (a) the energy harvesting floor tile and (b) the oscilloscope
measuring the voltage (Tektronix TDS3032B)
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gﬂﬁ 3.5 (a) Circuit of an individual PZT cantilever; (b) Circuit of electrically connected PZT

cantilevers, rectifiers, and load resistors

3.2 Msafeiuuulasasanudansezanuau (Smart floor hybrid)
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1.

2
3.
a

Magneto electric generator 312U 2 UOLMDT
We Piezoelectric (PZT ceramic) 37U 3 iy
Nﬂ]i@jﬂwauﬁm%lﬁuLﬁ&J’JWé’NWﬁﬂﬂ Magnetoelectric generator Wae Piezoelectric

wunsinalndmsuliusadenawnian Magnetoelectric generator way Piezoelectric
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annaw (Smart floor hybrid) 1n8 FLUKE 8846A 6-1/2 DIGIT PRECISION MULTIMETER
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g‘d‘ﬁ 4.1 Normalized energy from using different airgaps (d.)
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30k Matching between greatest radial
dimension of a snail cam and a follower
20
Free oscillation
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Voltage (V)
)

U

Initial deflection

Time (s)

g‘d‘ﬁ 4.2 Oscillating voltage across the optimal load resistor
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gﬂﬁ 4.6 Numbered locations on the cover plate
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gﬂﬁ 4.7 Output energy generated by a step that landed on different locations of the energy

harvesting floor tile

o ! S a = o oA a a [ Y @
AundanIsmBeulangaufian d1unian #3 Yseandamlunisulamdsuuansmiuly
ANNFURUSIEUSIMTEnIUSIavamdIn Ul e inakas N uNadune NEwIuNadunAgn

1% [ v ea & =] a & a a v J d' a daa
F"I‘L!‘W‘U‘U’]ﬂWﬁN’]‘LJﬂﬂEJVILﬂU‘L’ﬂUﬂWULWEJI‘U’eJLaﬂﬂiﬂ 1AgNINTUIINAITNTTIALALAIAINATUTING

Useansnnaleaunisaaluil

Elnput = %keﬂzg (14)
k,=ao'M (15)

eff n



63

= ' = a & o A = a a & N v
LB keﬁr LNUAIAINVDIAUTS Zy ﬂ@i%ﬁ]SGUQG]V]ﬂa']EJ“UENﬂ']ULWEJIGlI@LaﬂVﬁﬂ @), ABAIUNAUNDI

'
1 o 1

Y A =) a & a A Aa =] a & a A
Y0IN1TF Ao UTRIATWNElYBLANTSN way M AeNlaffneg i urusvesUaeieleBiannini

Y

anunsaunitliegedasy anudislowuwiveseuiisledidnninvasdunuudasemlaainussiuli
NIzRAdUDYINA FellAUseanns 1054 Hz 3UN 4.8 wansliiiuta seansainniswlaindaaud
aunsadalalaemiduniulvansiingg deiviuinUsz@nsamnanande 17.12 % Aalrandasiuniun

WiNNgay 74.44 kQ.

® Measured
Fit

—_— = = = =
S N B N ®
T

Efficiency (%)

S N B~ N
T

0 20 40 60 80 100 120 140 160 180 200
Load Resistance (kQ)

gﬂﬁ 4.8 Energy conversion effeciency versus load resistor values

Tunsnageuastgavine Nudndandsugninlunslivumaduniveasow A8dnAnwT U
45 puspaduuLarmBsuiu Tuanunisaldiaesd wssdunasuurlinvemdwuiiansaiunedld
gniuiinuazAuin Asandlusun 4.9 weundgavesussiulniinssuansueminneglugag 10.15 -
21.41V arusssulihuwansrsiuiulildiinanihninvesiazau uiinaindndnwiniusiuldle

IS o 1 N U gj o ! k4 v (% 13 gj v v ngd
widguluiundsieniunnasatannalilutieiu sdsnuedwanaaailaainnismeasaife 42.09
U dl ! = ! d! gj |dl

mJ wasnuedeiensmiudienianitegn 0.93m)

[

d' a dyd v A 13 d' [ ) = [ a dl' [ 1
LI999NLUIANYDIULAB AT TN ULAULAEINFIUTUNITHRAIULT D995 UL NI ANILIAS

[ d‘o.'/ =l Y fa & a e‘a"q [ <‘> I3 d‘ ¥ = o % d‘
i undduliiugunsaldiannselindNiundsaua vinesuilaainnismaaesdegniiaunldiie
Favlnunduieastianendaaunn [18], [19], [20] warikanalunisnan 4.1 aruisalindaauiu
WULasInANLLTY 1HUYasInAMUATR WuwasnIIaTuaATY TuuaduaslSanunrazysynnilaig
SLELAITINGIUN 1.60 70.15 waz  8,503.03 Fu auaisu Tuusmdueeslsaewaiidnagyinaulu
anuzlavasiunuazianfiniiieannsldndanu asiuRadululanazifundsnuinuiieila i lusnu

Usgglusgninaniuglavesiunvedivuaiioldegnuiismeluansuaniinasaialuiieiudayauayds



64

1 (% 1

Joya prsdanaimaanuiideudisgeninulusuddeld panmsldddiunumimanzaundulnan lu
4 a [ o = o & d' v d' [ v & ) ! [ Y U
mslfauasmdnuiwuniaiiuinellaemelddegninuliludinuuseaniduwamdsnulviu
gunsallfane Seswinnisialvavesnszualwilugudiudidnvsnindluvausnluiilaswdsulinaln
e nszuasaluaaunsadanislianadldlaeusulsnsasudvan wagldfuaudiannsedndnasiny

@1 [21], [22].

25 50
Voltage
— - —Energy
20 =7 440
’./
S 15 L 130 %E‘
& =
£ 10 120 2
° c
> r L
"l |
L 8
0 I”I | \ A 0
0 20 40 60 80 100 120

Time (s)

gﬂﬁ 4.9 Output voltage and energy generated by many pedestrians stepping on the energy

harvesting floor tile

A19197 4.1 Estimation of operational time of a low-power wireless sensor node assumed

powered by output energy from actual pedestrian steps

Reference Wireless sensor node ~ Power Operational time
consumption (s)
(mW)
Sudhawiyangkul,
Accelerometer 26.31 1.60

Thapanun et al [18]
Zeiser, R et al [19] Capacitive strain gauge 0.6 70.15
Luis, Juan A et al [20] Smoke detecting 4.95><1O_3 8,503.03
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4.2 HaN1MAFIULALINUTEENTA W YR INUIIRTBLQNHEY
4.2.1 wsenulndanszuanss (Vpo) wazaszualninnszuanss (o) v89 Magnetoelectric

generator

(n) ()

gﬂﬁ 4.10 (n) wsenuluinnseuanse (Voo) wag (v) nszualniinssianse (po) 989 Magnetoelectric

generator

UM 4.11 () usenulninszuanss (Voo wag () nszualiiinseuwanss (o) waw1ue9s DC

stepdown transformer Wag voltage regulator

TwsaBanauniiy AUsenaumenalndmiunyuiu Magnetoelectric  generator 371u3u 2
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Toeuswiluiniligegnre 85.80 V 1ade 75.41 V wazAvesnszudlniinlalaesudiduniu 1.5 Q

LAAIAIEIEARe 15.6 mA wde 13.2 mA Andufdsluiliade 0.1 W dswanisvageuuanslunsingud
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v v =

MatuFansUsuUss matching impedance wazaasiuigamdsuiielilammaddlilgaan

4.2.2 ussnulninszuanse (Vo) wag nseudaluiinszuanse (Ipo) ves Piezoelectric

gﬂﬁ 4.12 (n) wsenuluinseuanss (Voo) wag () nseualiiinnseuanse (o) 989 Piezoelectric

gﬂﬁ 4.13 usanulninszuansa (Voo) wag (u) nseuatnilnnseuanss (o) e Piezoelectric

WA9KIU99T Energy harvester (LTC3588-2)
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5UM 4.18 2993UarTUNUNENITATITUYIANUANTIUY
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dual-stage actuator for hard disk drives,” TRF-STX Co-funded PhD Scholarship, Research and Researcher for Industry (RRi), The
Thailand Research Fund (TRF), 2015-2017.
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Songmoung Nundrakwang and Don Isarakorn, “Design and Development of Low-cost Robot Kits for Elementary Students,”

Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang, 2012.
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“MEMS fabrication based on epitaxial piezoelectric thin films on silicon,” NCCR-MaNEP of the Swiss National Science

Foundation, Switzerland, 2006-2010.

Hisayuki Aoyama, Taworn Benjanarasuth, Don lIsarakorn, Songmoung Nundrakwang, Jongkol Ngamwiwit, Pitikhate Sooraksa,
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of Engineering, King Mongkut’s Institute of Technology Ladkrabang, 2005.

Don Isarakorn, Jongkol Ngamwiwit and Taworn Benjanarasuth, “Development of Control System for Multiple Autonomous

Robots,” Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang, 2004.

Don Isarakorn, Jongkol Ngamwiwit, Taworn Benjanarasuth, Mongkol Mongkolwongrojn, Wasin Sarawit, “Electrochemical-
Metallizing Power Supply,” Research Center for Communications and Information Technology, King Mongkut’s Institute of

Technology Ladkrabang, 2004.

Don lIsarakorn, Jongkol Ngamwiwit and Taworn Benjanarasuth, “Speed and Position Control of Ultrasonic Motor using PDFF
Controller Designed by Coefficient Diagram Method,” Research Center for Communications and Information Technology, King

Mongkut’s Institute of Technology Ladkrabang, 2003.

Don Isarakorn, Jongkol Ngamwiwit and Taworn Benjanarasuth, “Application of Shape-Memory Alloy (SMA) to Miniature
Manipulator,” Research Center for Communications and Information Technology, King Mongkut’s Institute of Technology

Ladkrabang, 2003.

Awards and Honors

2017 Gold Award, Thailand Research Expo 2017, National Research Council of Thailand

2016 Science and Technology Research Grant, Thailand Toray Science Foundation

2015 Silver medal, 2015 Taipei International Invention Show & Technomart
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2015 Outstanding award (Rank #1) Sci & Tech Initiative and Sustainability Awards (STISA 8th) from the Thai Institute of
Chemical Engineering and Applied Chemistry.

2013 Outstanding award (Rank #1) Sci & Tech Initiative and Sustainability Awards (STISA 6th) from the Thai Institute of
Chemical Engineering and Applied Chemistry.

2011 Good Ph.D. thesis award from Office of National Research Council of Thailand.

2011 Outstanding Ph.D. thesis award in the field of Microtechnology “Prix de La Ville de La Chaux-de-Fonds 2011”
from La Ville de la Chaux-de-Fonds and Ecole Polytechnique Federale de Lausanne, Switzerland.

2006-2010 Ph.D. Fellowship, Thai Government Science and Technology Scholarship.

2006 Outstanding KMITL Alumni Award, KMITL, Thailand.

2006 Micromechanism Contest 2006, Tokyo University of Science, Chiba, Japan

" Sumo Micro Robot Competition (wire); Best Technical Prize



" Sumo Micro Robot Competition (wireless); Best Technical Prize
" Dice Operating Micro Mechanism Competition (wire); First Prize
" Dice Operating Micro Mechanism Competition (wireless); Best Technical Prize

®  Obstacle Running Micro Mechanism Competition; Best Technical Prize

2005 International Micro Robot Maze Contest 2005 (Robo Festa), Nagoya, Japan
®  Micro Robot Racer, Second Prize
" Teleoperated Mountain Climbing Micro Robot Competition; Second Prize
" Wireless Autonomous Micro Robot Competition; First Prize
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2005 Micromechnism Contest 2005, Keio University, Japan
" Dice Operating Micro Mechanism Competition; Second Prize
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2004 International Micro Robot Maze Contest 2004, Nagoya, Japan
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2003 The Thailand Traveling Award, Government of Thailand.

2003 International Micro Robot Maze Contest 2003, Nagoya, Japan
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" Wireless Autonomous Micro Robot Competition; Fighting Spirit Prize

2002 International Micro Robot Maze Contest 2002, Nagoya, Japan
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2001 International Micro Robot Joint Contest (Robo Festa), Kanagawa, Japan
®  Dice Operating Micro Mechanism Competition; Second Prize

" Wireless Autonomous Micro Robot Competition; Third Prize

2000 Micromechanism Contest 2000, Tokyo Denki University, Japan

®  Sumo Micro Robot Competition; Best Technical Prize

1999 Robot Idea Contest (Micro Robot), University of Electro-Communications, Japan

" Sumo Micro Robot Competition; First Prize

1999-2000 Association of International Exchange (AIEJ) Scholarship, Japan.

Patent

Granted

“Piezoelectric energy harvesting device using impulsive force”, Thai patent: Patent no. 63379



“Energy Scavenging from a Rotating Gear using an Impact Type Piezoelectric MEMS Scavenger”, International Patent:
P2203PC00/ European Patent: N’EP 11168703.4
“gunsninadaunnauUAvauielydidnvEnlagldisnisauwuudaiiog”, Thai patent: Petty patent no. 14609

“Piezoelectric energy harvesting floor”, Thai patent: Patent no. 67392

Pending
“Grduiuuudasanuzidusleiiglwdianyian”, Thai patent: Petty patent pending no. 1803000774
“gUnsalinuieandsnuiielaBidnvsnuuudusiaiias”, Thai patent: Petty patent pending no. 1703001840

“PIANATUIUASEINIUTAINTEIUYUAAUNNIS”, Thai patent: Petty patent pending no. 1703002278

“Piezoelectric energy generating device from impact force”, Thai patent: Patent pending no. 1201006020
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D. Isarakorn, Position control of Ultrasonic Linear Motor by Coefficient Diagram Method, LAP Lambert Academic Publishing,

ISBN: 978-3-8465-9470-4, 2011.

Book Chapter

D. Isarakorn, D. Briand, and N. F. de Rooij, Harvesting waste energy, McGraw-Hill Yearbook of Science & Technology 2012,
December 16, 2011, ISBN-13: 978-0071774031.
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Sensors and Materials, Vol. 30, No. 10, Pages 2183-2197.
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August 2018, Pages 321-330.

®  Thapanun Sudhawiyangkul and Don Isarakorn, “Design and realization of an energy autonomous wireless sensor system for

ball screw fault diagnosis,” Sensors and Actuators A: Physical, Volume 258, 1 May 2017, Pages 49-58.

® P Janphuang, RA. Lockhart, D. Isarakorn, S. Henein, D. Briand, N.F. de Rooij, “Harvesting Energy From a Rotating Gear Using an
AFM-Like MEMS Piezoelectric Frequency Up-Converting Energy Harvester,” Journal of Microelectromechanical Systems, Vol.

24, No. 3, pp. 742-754, 2015.

® Don lIsarakorn, Thapanun Sudhawiyangkul, and Songmoung Nundrakwang, “Energy analysis in Zigbee based wireless sensor

node powered by piezoelectric energy harvester,” Advanced Materials Research, Vol. 931-932 (2014), pp. 1328-1332, 2014.

®  Payon Krainuyachan, Worawat Choensawat, and Don Isarakorn, “Investigating the Effectiveness of BU WebEx System,” KMITL

Science and Technology Journal, Vol. 12, No. 2, 2013.

® A Sambri, D. Isarakorn, A. Torres-Pardo, S. Gariglio, P. Janphuang, D. Briand, O. Stephan, J. W. Reiner, J. -M. Triscone, N. F. de
Rooij, and C. H. Ahn, Epitaxial piezoelectric thin films on silicon for energy harvesting devices, Smart Materials Research, Vol.

2012, 426048, 2012.

® D. Isarakorn, A. Sambri, P. Janphuang, D. Briand, S. Gariglio, J. -M. Triscone, F. Guy, J. W. Reiner, C. H. Ahn, and N. F. de Rooij,
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This paper reports on the fabrication and evaluation of an energy harvesting floor tile using unimorph
PZT piezoelectric cantilevers to convert kinetic energy from human footsteps into usable electricity. The
operation of the tile is based on frequency up-converting mechanism in which low frequency input vibra-
tions are converted into high frequency vibrations of an electromechanical transduction. The operational
frequency of the PZT unimorph cantilever was converted up by an interaction between a permanent
magnet and an iron bar. Vertical displacement of the oscillating cantilever was localized with a stopper
preventing damage to the piezoelectric layer from shock or over-displacement excitation. The magnetic
field density between the magnet and the iron bar was investigated through finite element analysis sim-
ulation in order to define an optimal air gap. Experimentally, a unimorph PZT cantilever was initially
prototyped to validate the design. The results showed a successful frequency up-conversion with a res-
onant frequency of 10.54 Hz. Then, it was scaled up by accommodating 24 unimorph PZT cantilevers
followed by experimental validation to evaluate its energy harvesting performance. Each cantilever was
connected to a full wave bridge rectifier then connected in parallel with the other cantilevers. The gener-
ated electrical power and energy were investigated through various resistive loads. The average power
and total output energy produced by one foot step on the tile were found to be 1.24 mW and 3.49 m],
respectively at an optimal load resistance of 74.44 kS2. The energy conversion efficiency reached 17.12%
demonstrating the potential of harvesting energy from human motion.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

especially implanted sensors. Therefore, harvesting ambient envi-
ronment energy to supply sustainable electrical power to devices

Wireless sensor node emerged decades ago has been continu-
ously importantin a variety of fields including industry, agriculture,
infrastructure, disaster prediction and environment monitoring
due to its ability to track information in a hard-to-reach location at
a lower cost than wire solution. Following the feature of commu-
nication without wiring and recent trend of electronics technology
that electronic components are reduced in size and power con-
sumption, many existed wireless sensor nodes are powered by
battery. However, there are several issues on battery use such
as limited energy storage capacity, battery lifespan, and inconve-
nient maintenance of depleted batteries in unreachable location

* Corresponding author.
E-mail address: don.is@kmitl.ac.th (D. Isarakorn).

https://doi.org/10.1016/j.sna.2018.06.035
0924-4247/© 2018 Elsevier B.V. All rights reserved.

such as an energy autonomous system is highly desirable. Energy
powering small embedded device is typically harvested from light,
thermal or vibration sources. Environmental vibration has par-
ticularly attracted many researchers because of its ubiquity. In
this respect, electrical energy can be obtained by electrostatic [1],
electromagnetic [2] or piezoelectric [3] conversion. Piezoelectric
generator has received great interest due to its simple, low struc-
ture profile, ease of integration, high power density and high energy
conversion efficiency [4,5].

At present, piezoelectric energy harvesters are usually resonant-
type device. Its resonant frequency is closely matched to the
frequency of the surrounding vibration sources in order to achieve
maximum power generation. However, resonant-type device is not
a good option for conversion of human movement or variable vibra-
tion over time. Its generated electrical energy drops significantly at
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low frequency when the resonant frequency of the harvester devi-
ates far from the frequency of the vibration source [6,7]. To achieve a
high harvesting efficiency, several frequency up-conversion mech-
anisms that excite a harvester from low-frequency input vibration
have been investigated recently. A commonly used strategy is to
make the cantilever or buzzer disk of a piezoelectric harvester
deflect initially and then leave it to oscillate freely. An initial deflec-
tion can be implemented by mechanical contact or by non-contact
magnetic interaction.

A contact frequency up-conversion mechanism was firstly pre-
sented by Umeda et al [8,9]; they investigated the generated energy
from a piezoelectric beam impacted by a steel ball. After this pio-
neering paper, many researchers have begun further investigations.
For example, Ranaud et al. [10] used a moving mass to strike
one of two piezoelectric cantilevers located at each end of a har-
vester container while the harvester was being shaken from side
to side. The impact from the moving mass increased the opera-
tional frequency of the piezoelectric enabling it to harvest energy
from low-frequency and high-amplitude input and provide power
to wearable gait monitoring device. Pozzi et al. [11] applied a
plucking-based frequency up-conversion strategy to a piezoelec-
tric wearable energy harvester in order to convert energy from
knee-joint motion. This mechanical plucking deflected the piezo-
electric beams through a plectrum and then rapidly left them free
to vibrate. The core challenge in integration of a contact frequency
up-conversion mechanism to a harvester is the decrease in life span
of the piezoelectric cantilever [12].

On the non-contact up-conversion mechanism side, Kulah et al.
[13] reported one that employed the attractive force between per-
manent magnet and metal to increase the vibrational frequency
of cantilever coils in an electromagnetic energy harvester. In addi-
tion, Pillatsch et al. [14] demonstrated a body-movement-energy
harvesting device that used a rotational system. In this device, mag-
netic coupling with a rotating proof mass was used to pluck the
piezoelectric cantilever. In another study, Luong et al. [15] used
magnetic force interaction between permanent magnets to excite
apiezocomposite generating element (PCGE) in a small-scale wind-
mill. The primary magnet was attached to the input rotor, and the
secondary magnet was attached to the free end of the PCGE. The
main advantage of non-contact frequency up-conversation mecha-
nism s that the piezoelectric or coil cantilevers do not have to suffer
repeated damaging physical contact with anything which makes
their operation more reliable than that of the contact frequency
up-conversation mechanism. However, the energy by generated a
non-contact generator drops significantly at high speed of mag-
netic plucking [16]. Therefore, an efficient energy harvester with
frequency up-conversion mechanism that has a long operational
life time and suffers no effect of high plucking speed is of much
interest.

This paper proposes an energy harvesting floor tile based on
frequency up-conversion principle for converting low-frequency
vibration especially pedestrian’s step into usable electrical energy.
Its conceptual model and the frequency up-conversion mechanism
are introduced first. Then, the validation of the design is presented.
Next, the fabrication and evaluation of the energy harvesting floor
tile are described. Lastly, a conclusion is given.

2. Concepts of energy harvesting floor tile and frequency
up-conversion strategy

The schematic diagram of the energy harvesting floor tile with
the frequency up-conversion mechanism is illustrated in Fig. 1.
Twenty-four unimorph piezoelectric cantilevers are mounted on
a supporter, the free ends of which are attached to a stainless-steel
mass to increase the strain in the piezoelectric substance caus-

ing the increase of electrical output power during oscillation. The
permanent magnets are glued to the top surface of the mass for
attracting the iron bar underneath the cover plate when the floor
tile is stepped on. The soft plastic is used to absorb the impact force
between the iron bar and the permanent magnet. Four springs are
installed at each corner pulling up the cover plate. A stopper is
used to protect the piezoelectric layer from damage from over-
displacement excitation.

Fig. 2 illustrates the frequency up-converting sequences of
energy harvesting floor tile. In the waiting for load state (Fig. 2(a)),
the air gap between the permanent magnet and the iron bar (d,)
should be optimized to ensure that the attracting force from the
permanent magnet (Fj;) to the iron bar is not going to stop vibrating
cantilever; therefore, the iron bar should be located where F;,; =0.
The attractive force exerted by the permanent magnet at the air gap
is given by the following Maxwell’s equation:
_ B2A;

240’
where the subscript i=1, 2, 3... and 24 identifies a particular
permanent magnet and unimorph cantilever. Brepresents the mag-
netic flux density, A; is the cross section of the area of the pole, and
Lo is the permeability of the air.

For the loaded state shown in Fig. 2(b), when the energy harvest-
ing floor tile is stepped on, springs are compressed by a compressive
force (F; ) from the weight of the pedestrian. The compressive force
Fy should be larger than the restoring force of the spring (Fjs);

a

FL)ZFJS where a is the total number of the springs used. From

(1)

Fim

j=1
Newton’s second law and Hooke’s law, F and Fjs can be calculated
by the equations below,

FL=mg, (2)
Fjs = —kjsh, (3)

where the subscript j=1, 2, 3 and 4 identifies a particular spring;
m, is the mass of the pedestrian; g is the gravitational accelera-
tion; kjs is the spring constant; and h represents the displacement
from the equilibrium position of the spring. The loaded state is
also a state that the iron bar comes close to a location where the
magnetic field density is high so that the bar will be attracted by
the permanent magnet. Thus, the permanent magnet deflects the
piezoelectric cantilever underneath the iron bar. The resultant force
in the z-axis (Fjz) deflecting the unimorph piezoelectric cantilever
is equal to

F;; = Fipy cos 0 — (Fic cos 6 + myrg), (4)

where Fjc is the restoring force of the unimorph piezoelectric can-
tilever; 6 is the top surface angle of permanent magnet, and m;y
represents the total mass of the magnet and the stainless-steel mass
at tip of piezoelectric unimorph cantilever. The restoring force F;c
can be calculated from the equation below: [17]

Fic = kicd1, (5)

where k;c is the effective spring constant of the unimorph
piezoelectric cantilever; d; is the displacement of the unimorph
piezoelectric cantilever from its rest position; and k;c is calculated
by the following equation,
3(ED canei 3(Eplp + Eele)

kiC — Clc;ntllever — p Pl3 e'e , (6)
where (El)cantitever i the effective bending modulus of the uni-
morph piezoelectric cantilever; [ is the length of the piezoelectric
and elastic layers; Ep and E. are the Young’s modulus of the piezo-
electric and elastic layers; and I, and I, are the moments of inertia
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Fig. 1. Schematic drawing of energy harvesting floor tile.

Fig. 2. (a) Waiting for load; (b) and (c) Loaded and unloaded states of energy harvesting floor tile.

of the piezoelectric and elastic layers. The moments of inertia of the
piezoelectric and elastic layers can be determined by the following
equations [18],

2

wpt3 t

I = l3p +Wptp(jp —ta) , (7)
Wel? ¢ 2

le = 1639 +Wete(§e —tn) , (8)

where wp and we are the widths of the piezoelectric and elastic
layers; tp and t. are the thicknesses of the piezoelectric and elastic
layers; and t, is the distance of the neutral plane in the piezoelec-
tric layer, shown in Fig. 3, which can be calculated by the equation
below,
2 2
ty = 22 Fele 9)
2(Eptp + Eete)

Furthermore, the compressive stress in the unimorph piezoelectric
cantilever is induced by the resultant force in the x-axis,

FiX:FiM SinQ—F,-CSiHQ. (10)

In the unloaded state, when the foot moves up and away from
the energy harvesting floor tile; F; =0 as shown in Fig. 2(c) and the

total restoring force of the spring is higher than the total force in the
b

a
z-axis; ZFjS)ZF,»Z where b is the number of the cantilevers with
j=1 i=1

an attached permanent magnet; the springs will push the cover
plate and the iron bar up and away from the permanent magnet.
This step will rapidly separate the permanent magnet from the
iron bar allowing the unimorph piezoelectric cantilever to freely
oscillate at a high frequency.

3. Verification of the feasibility of the designed mechanism
3.1. Prototype of the proposed tile

A unimorph piezoelectric cantilever as shown in Fig. 4 was
firstly prototyped and properly characterized before the system
was scaled up to be composed of 24 unimorph PZT cantilevers.
To optimize and verify the design of the energy harvesting floor
tile, the following structure was configured. A 60 x 30 x 2mm?3
stainless steel mass was glued with a 10 x 10 x 5 mm3 perma-
nent magnet (NdFeB), and then mounted on the free end of a
unimorph PZT cantilever consisted of a40 x 20 x 0.3 mm? PZT layer
and a 60 x 25 x 0.2 mm? elastic layer. The configuration was as that
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Fig. 3. Schematic of a unimorph piezoelectric cantilever with a proof mass.

Fig. 4. Validation of the designed mechanism.

Table 1
Dimension and magnetic property of the materials used.
Parameters Dimension Relative permittivity Coercivity (A/m) Electric
conductivity (MS)
Iron bar 5mm x 10 mm 14872 - -
Soft plastic 2mm x 10 mm 1 - -
Air gap 10, 14, and 18 mm 1.0006 - -
Permanent magnet (NeFeB) 10mm x 5mm 1.045 883310 0.667
416 stainless-steel mass 30 mm x 2 mm 440 - -

shown in Fig. 2(a) of the schematic of the waiting for load state
(equilibrium state). Since the generated power is proportional to
the displacement of the piezoelectric cantilever, the largest air gap
between the plastic stopper and the PZT cantilever (d1) is required.
However, the PZT layer may crack from over-bending, thus we
needed to set a proper distance between the stopper and the can-
tilever. In our implementation, one end of the PZT cantilever was
clamped to the supporter and supplied with DC voltage while the
other free end was pressed by a rack-and-pinion scale to vary the
vertical displacement. Over-bending could be observed from the
voltage at the free end. As shown in Fig. 5, as the PZT layer broke at
avertical displacement of approximately 7.1 mm, the voltage at the
free end became zero. Therefore, a plastic stopper was used to fix

the vertical displacement of the PZT cantilever to 4 mm (d; =4 mm).
In addition to that optimization step, an optimal air gap between
the permanent magnet and the iron bar (d;) was determined by
finite element analysis simulation with FEMM 4.2 software. The
simulation was implemented in 2D with parameters shown in
Table 1. Fig. 6 illustrates the simulation results of magnetic flux
density. As can be seen, the magnetic flux density was diminished
to approximately zero at 18 mm far from the permanent magnet.
At this distance, the attractive force from the magnet approached
zero according to Eq. (1). Thus, d, was set to be 18 mm for the pro-
totype. This value of d, from simulation was verified in an actual
experiment that it was truly optimal.
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Fig. 5. Voltage at the free end of the PZT cantilever as the vertical displacement was
increased.

3.2. Verification method

A motor and a snail cam for simulating force of human steps
were mounted on the prototype as shown in Fig. 4. The snail cam
attached to the shaft of the motor was used to transform the motor’s
rotary motion into linear motion. The follower of the snail cam
made the cover plate move up and down, simulating movement
caused by pedestrian step. Generally, walking velocity and fre-
quency of pedestrian steps on the floor either in a crowded or
uncrowded area are inconstant, depending on number of people
and individual stride. These parameters could not be simulated
exactly. One thing for certain is that the time interval that the foot
of a pedestrian makes contact with the floor is longer for a slow
walker and shorter for a fast walker. A high density of pedestri-
ans may cause them to walk slower hence this time interval may
be longer [19]. Accordingly, this simulation of energy harvesting
behavior was based on the step time interval (T;) between the cover
plate moving up and down, i.e., the cycle time of the greatest radial
dimension of the snail cam pressing on the follower. The generated
energy was investigated with various resistive loads. The voltage
across resistive load was measured with an oscilloscope (Tektronix

TD 3032B). As the measured voltage was a transient waveform [20],
the instantaneous power P(ty) could be calculated by
VE(tm)

Pltm) = L. (1)

where V| (ty) is the transient voltage across the resistive load at
time t,; m=0,1,2,3. . .identifies the voltage sample at a particular
time; and R; is the resistance of the resistive load. At time ty where
Nis the number of voltage samples, the average power can be found
as

v

2
m@m=1/”mw (12)

tn Ry
0

Thus, the energy produced from the prototype as a function of
time was calculated by the following expression,

N
E(tn) =Y _Ptw)Atm, for N)O, (13)

m=0

where Aty is the measurement time interval of the voltage sam-
ples.

3.3. Verification results

Before experimentally investigating the energy harvesting per-
formance, an optimal load resistor was found by connecting various
resistive loads to the prototype directly and rotating the snail cam
with an angular velocity of 8 rad/s and step time interval T; of 0.1 s.
The capacitance and resistance of the PZT cantilever in the pro-
totype were 46.84 nF and 320.13 k€2, respectively, measured by
an impedance analyzer (Bode 100 - OMICRON Lab). The maximum
average power was observed with a load resistor of 800 k2; this
resistor was thus chosen as the optimal one. The next step was to
find the optimal air gap. Fig. 7 shows a comparison of the perfor-
mances of the prototype installed with different air gaps d,. The
ratio of the total output energy generated when the air gap d,
were 18 and 14 mm to the total output energy generated when
d, was 10 mm were 3.35 and 2.73 to 1, respectively. Decreasing the
amount of the air gap d, led to a significant drop in output energy
because the vertical displacement of the oscillating PZT cantilever
was diminished by the stronger attractive force between the per-
manent magnet and the iron bar as mentioned in section II. Free
oscillation would be stopped with the shortest air gap d,, producing

Fig. 6. Magnetic flux density simulation.
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the minimum output energy. Therefore, the prototype was con-
figured with d, = 18 mm that could generate an average power of
0.075 mW with a peak-to-peak voltage of 54.20 V as shown in Fig. 8.

The energy harvesting performance was determined as follows.
Following the experimental method in subsection B, a snail cam
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Fig. 10. Output energy with increasing number of plucks.

was rotated at an angular velocity of 8rad/s with various step
time intervals (Ty) of 0.1, 0.5 and 1.0s which were assumed to
represent accurately the walking speeds of a pedestrian. Fig. 9(a),
(b) and (c) depict the output voltages from these walking speeds,
respectively. The results show that the PZT cantilever pluck-
ing frequencies were 1.01Hz, 0.71Hz and 0.52 Hz, respectively.
Fig. 9(d) illustrates the energy harvested during 10s with differ-
ent step time intervals (T;). The total output energies were 2.05,
1.42 and 1.00 m], respectively. Increasing the step time interval,
i.e. slower walking speed, reduced the number of plucks on the
PZT cantilever over time leading a decreasing in the total output
energy.

Next, the reliability of the prototype was examined. For the relia-
bility test, the snail cam was continuously rotated with a step time
interval T, of 0.1s to excite the prototype. It was found that the
harvestable energy steadily decreased from the first pluck up to
the forty-thousandth pluck. This issue was not related to mechan-
ical failure or regression of the PZT cantilever. It occurred from
progressive detachment of the piezoelectric layer from the elas-
tic layer that might come from insufficient adhesive function of
the glue that bonded the two layers together under a large verti-
cal displacement of the PZT cantilever. To remedy that situation,
the PZT cantilever’s vertical displacement was restricted to 2 mm
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Fig. 9. Voltages generated with step time intervals T; of (a) 0.5, (b) 1 and (c) 1.55s; (d) the trend of harvested energy that varied with step time interval.
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Fig. 11. A test setup showing (a) the energy harvesting floor tile and (b) the oscilloscope measuring the voltage (Tektronix TDS3032B).

Fig. 12. (a) Circuit of an individual PZT cantilever; (b) Circuit of electrically connected PZT cantilevers, rectifiers, and load resistors.

(dy = 2 mm). However, the progressive detachment still happened
as shown by the results in Fig. 10. A very short air gap d; might
make the PZT cantilever last a longer time, but the output energy
would be lower due to the low stress in the piezoelectric mate-
rial.

4. Evaluation of the performance of the energy harvesting
floor tile

4.1. Energy harvesting floor tile and performance evaluation
method

The prototype validated as described in Section III, a
430 x 430 x 70.50mm3 energy harvesting floor tile was con-
structed of 24 unimorph PZT cantilevers as shown in Fig. 11. The
air gaps dy and d, varied from 2-5 and 16-19 mm, respectively;
they could not be set to one fixed distance because of the slightly
different curvature of the unimorph PZT cantilevers obtained from
the manufacturer. A full wave bridge rectifier consisted of small
signal Schottky diodes (BAT 46) was used with each PZT cantilever
and electrically parallelly connected to other rectifiers as shown
in Fig. 12(b). A parallel circuit was used to sum the output currents
from all PZT cantilevers. Its presence was due to each PZT producing
only a low current even though it could generate a high voltage.

Three kinds of evaluation were performed: evaluation of the
energy harvesting performance of one then 24 PZT cantilevers; the
effect on energy harvesting performance of the placement loca-
tion of footsteps; and the energy harvesting performance of the
tile in a real scenario. Firstly, the energy harvesting performances
of one PZT cantilever and 24 PZT cantilevers were investigated with
various load resistors as shown in the Fig. 12(a) and (b). Each of
three randomly selected PZT cantilevers was performance tested.
The performance of all 24 connected PZT cantilevers was then eval-
uated. The load resistor that maximized the power transfer of all of

Fig. 13. The average power of one unimorph PZT cantilever and 24 paralleled uni-
morph PZT cantilevers.

these cantilevers was selected as the optimal load resistor for the
other kinds of evaluation. Secondly, the output energy generated by
stepping on each different location of the energy harvesting floor
was measured and compared. The results would show whether
the performance of the tile was consistent or not when it was
stepped on its different areas hence they would indicate whether
the tile was too big or not. And lastly, the tile’s energy harvest-
ing performance when it was mounted and actually stepped on by
a pedestrian was determined. The result would indicate whether
the amount of the harvested energy would be sufficient or not for
supplying a typical wireless sensor node.

5. Results and discussion
The experimental results of first test are shown in Fig. 13. By

exciting the energy harvesting floor with a single foot step, the
average output power per one PZT cantilever were 0.069, 0.054,
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Fig. 14. Numbered locations on the cover plate.
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Fig. 15. Output energy generated by a step that landed on different locations of the
energy harvesting floor tile.

and 0.068 mW at optimal load resistances of 377.21, 377.21, and
448.90 k<2 for cantilever #1, #2 and #3, respectively. Their differ-
ent average output power varied with their vertical displacement
(air gap dq). The #1 and #3 PZT cantilevers with an air gap d; of
proximately 4 mm were able to generate a higher average power
than #2 with an air gap d; of proximately 3 mm. Since the air gaps
dy that fixed the vertical displacement of many PZT cantilevers
were shorter than 4 mm, the average output power from paralleled
24 PZT cantilevers was only 1.24 mW at optimal load resistance of
74.44 QKk, not the total sum of 1.65 mW as expected. This demon-
strates that it is possible to obtain the highest conversion efficiency
by fine-tuning the air gap distance of every piezoelectric cantilevers
properly or, simpler, if we can obtain cantilevers from a manufac-
turer with very tight tolerance of their curvature so that no air-gap
tuning is needed, we will be able to achieve the highest conversion
efficiency.

For the second test, the energy harvesting floor was stepped on
at five numbered locations shown in Fig. 14. The total output energy
of 2.80, 2.87, 3.49, 2.78, and 2.61 m] were respectively obtained as
exhibited in Fig. 15. The experimental results show that stepping
on the location #3 was better than any other locations, since the
force could distribute evenly throughout the cover plate, resulting
in even movement of the iron bars mounted under the plate relative
to the permanent magnet mounted on the PZT cantilevers, thus

Fig. 16. Energy conversion efficiency versus load resistor values.

inducing all cantilevers evenly and consistently. On the other hand,
stepping on the cover plate at a corner (First, Second, Fourth or
Fifth location) could compress the assembly only locally around
that corner because the distributed force to the other corners was
low and could not compress down the supporting springs at those
corners sufficiently. Thus, only some of the 24 PZT cantilevers were
excited. This result suggested to us that the production floor tile
should be of a smaller size such that the cover plate will be evenly
pressed down by a foot step no matter what location on the plate
it lands on.

With step landing on the optimal location #3, the energy con-
version efficiency can be examined in the quantitative relation
between the amount of the output electrical energy and the input
mechanical energy. The input mechanical energy was found from
the potential energy stored in a PZT cantilever based on the dis-
placement and effective spring constant by the following equations,

1
Epmpur = ikeffz(% , (14)

kegr = 2M, (15)

where ke represented effective spring constant, zo was the tip
displacement of a PZT cantilever, w, was the resonant frequency
of a freely oscillating PZT cantilever, and M was the seismic mass
attached to the tip of a freely oscillating PZT cantilever. The reso-
nant frequency of a freely oscillating PZT cantilever was found from
the output AC voltage in Fig. 7, which was approximately 10.54 Hz.
Fig. 16 demonstrates the measured conversion efficiency with vari-
ous load resistors; as can be seen, the greatest conversion efficiency
was 17.12% at the optimal load resistor of 74.44 kS2.

In the final test, the energy harvesting floor tile was placed on a
passageway in front of a classroom where 45 students had to walk
by and step on it. In this scenario, the output voltage and trend
of harvestable energy over time were recorded and calculated and
are shown in Fig. 17. The amplitudes of the output DC voltage were
in the range of 10.15-21.41V. The different voltage values were
not due to the weight of each pedestrian, rather it was due to the
pedestrians not stepping on the same location on the cover plate
every time as discussed above. The total output energy derived from
this experiment was 42.09 m]. The average energy per one step was
approximately 0.93 m].

Since the concept of this work is to employ the energy harvesting
floor tile in the field of smart city, for providing a sustainable power
source to low-power electronic devices, its total output energy was
assumed to supply low-power wireless sensor nodes presented in
[21,22,23], and shown in Table 2. The supplied energy can power
an accelerometer, a capacitive strain gauge, and smoke detecting
wireless sensor nodes to operate for approximately 1.60, 70.15, and
8,503.03 s, respectively. These wireless sensor nodes usually oper-
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Table 2

Estimation of operational time of a low-power wireless sensor node assumed powered by output energy from actual pedestrian steps.

Reference Wireless sensor node

Power consumption (mW) Operational time (s)

Accelerometer
Capacitive strain gauge
Smoke detecting

Thapanun et al. [21]
Zeiser, Ret al. [22]
Luis, Juan A et al. [23]

26.31 1.60
0.6 70.15
4.95x 1073 8,503.03
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Fig. 17. Output voltage and energy generated by many pedestrians stepping on the
energy harvesting floor tile.

ate in both hibernated and active states in order to reduce power
consumption; therefore, it is feasible to store the harvested energy
in a capacitor during the node’s hibernated state for sufficient use in
the further duty cycle of data tracking and transmission. It should
be noted that the relatively high amount of energy found in this
study was from using an optimal resistor as a load. In real appli-
cations, some amount of the energy achieved in this experiment
will be lost when it is stored in a capacitor as a power source for
a wireless device due to self-discharge of the capacitor and leak-
age current in the electronic components when nobody is stepping
on the floor tile. The leakage current can be minimized by optimiz-
ing the energy management circuit and using low-power electronic
components [24,25].

6. Conclusion and future development

An energy harvesting floor tile with frequency up-conversion
mechanism was designed and realized in this study. The frequency
up-conversion was achieved by using restoring forces from springs
to rapidly separate an iron bar away from a permanent magnet
where they were attracted to each other via magmatic force. Too
large a displacement of the unimorph cantilever could cause a
crack in the piezoelectric layer; this situation was examined then
prevented from happening further by using a stopper. The airgap
between the permanent magnet and the iron bar strongly influ-
enced the energy generation; the relationship was analyzed by both
a Finite Element Method (FEM) and an experiment. When the air-
gap was large enough to diminish the magnetic force attracting
the iron bar to zero, an oscillating PZT cantilever gave the maxi-
mum output energy. Validation of the designed mechanism was
made with a tile with one unimorph PZT cantilever. The results
suggested that even though the PZT cantilever used in this research
had a problem of laminated layers between piezoelectric layer and
elastic layer peeling off from each other, the prototype was suc-
cessful with respect to frequency up-conversion mechanism with
good energy conversion efficiency. The energy harvesting floor tile
was then scaled up to consist of 24 PZT cantilevers and used in a
performance evaluation experiment. It was observed that the dif-
ferences in the curvature of the PZT cantilevers and the large size of
energy harvesting floor could reduce the total output energy. The

former issue was dealt with by fine-tuning individually the amount
of displacement that each cantilever could travel, while the latter
issue would be dealt with in a future work by making the floor tile
smaller. In an actual test having people walking and stepping on the
floor tile for 45 steps, it was found that this number of steps could
provide high enough harvested energy to activate a few low-power
wireless sensor nodes.

For a future work, we will design a more robust piezoelectric
cantilever with no lamination between piezoelectric layer and elas-
tic layer so that no fine-tuning of cantilever displacement will be
needed. In addition, another goal is to increase the output energy
by optimizing the shape of the piezoelectric cantilever and the size
of the energy harvesting floor tile as well as using a higher-energy-
output piezoelectric material.
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Abstract—This work focuses on the design and realization of a
test bench used to characterize the performances of the
piezoelectric cantilever for frequency up-converting energy
harvesters. A test bench is completed by combining a frequency
up-converter with an oscilloscope (Tektronix TD 3032B). The
frequency up-conversion mechanism achieves the excitation on a
piezoelectric cantilever through an interaction between a
permanent magnet and an iron bar. In the mechanism design, the
air gap between a permanent magnet and an iron bar is analyzed
by Finite Element Method (FEM). After the design is verified, a
test bench is fabricated and then validated with experimental
study by testing the performances of a PZT-5H bimorph (T220-
H4-503X, Piezo Systems, Inc.); the considered performances are
resonant frequency, average output power, total output energy
and energy conversion efficiency. The experimental results
demonstrate that a fabricated test bench is satisfactory.

Keywords—frequency up-conversion mechanism; finite element
analysis; low-frequency vibration energy harvesting

L.

Energy harvesting from ambient environment has grown
considerably over the last decades due to the rapid
development of electronic devices with reduction of power
consumption and size. The harvested energy is supplied to
power the low-power consumption electronic devices and
various types of wireless sensor nodes as the autonomous
energy system instead of energy source from batteries, since
the use of batteries has the problem on limited energy storage
capacity and lifetime. Moreover, the depleted batteries are the
toxic waste, the recycle and disposal process of which are very
expensive. The main ambient energy harvesting strategies
which have been reported are used to harvest energy from
solar, temperature gradient, and vibration sources [1-3].
Among them, the vibration energy harvesting has been
specially concentrated because the vibration is ubiquitous and
easily found in ambient environment such as human body,
industrial machines, bridges, and transportation. The vibration
energy harvesting devices are commonly based on
piezoelectric, electrostatic and electromagnetic transductions
[4-6]. Among these transduction methods, the piezoelectric
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energy harvester has been attracted with the great of interest
by many researchers due to its high output energy density,
lower profile of structure and simple configuration [7].

Typically, the piezoelectric energy harvester can be mainly
divided into resonant and non-resonant types. The resonant
type piezoelectric energy harvester is optimum when its
resonant frequency matches to the frequency of vibration
source. The mismatch between both frequencies results in low
power generation efficiency. Thus, the resonant type harvester
does not present a good option to the vibration source with
low and variable frequency (e.g., the human moment,
machinery with low and variable speed rotary, and so on)
because the frequency of vibration source is usually variant
and much lower than resonant frequency of harvester. To
overcome this challenge, the non-resonant type piezoelectric
energy harvester has been recently investigated, which is
always resonated at high frequency by frequency up-
converting mechanism with regardless the input vibration. In
the frequency up-converting strategy, piezoelectric cantilever
integrated to harvester is induced the initial deflection and
then released to freely oscillate at high frequency [8] - [10].
Moreover, the energy conversion efficiency can be much
increased, when the piezoelectric cantilever providing a good
energy harvesting performance is integrated to the harvester.
Therefore, the work relating to the selection of piezoelectric
cantilever is concentrated, especially the fabrication of
instrumentation for characterize the piezoelectric cantilever
performance. Previously, there are some instrumentations that
have been reported [11] - [13], however, they are designed for
resonant harvesters which do not support to the harvester with
frequency up-converting mechanism. Therefore, the aim of
this research is to design and fabricate a test bench for
characterization of the piezoelectric cantilever based on
frequency up-conversion. In this paper, the overall system of a
test bench is firstly reported, and then the structural
configuration and method for piezoelectric cantilever
characterization is given. After that, the validation of a test
bench is illustrated. Finally, the conclusion is drawn.



II.

Following to the operational behavior of piezoelectric
energy harvester with frequency up-converting mechanism, a
test bench can be designed. Its general system is shown as a
block diagram in Fig.1, which consists of an oscilloscope
(Tektronix TD 3032B) and a frequency up-converter. The
oscilloscope is used to measure the output electricity from
piezoelectric cantilever excited by the frequency up-converter.
The frequency up-conversion strategy is based on magnetic
plucking. As the design, the frequency up-converter is mainly
divided into mechanism and control circuit parts. Its
mechanism is illustrated in Fig.2. A plastic mass is a connector
between tip of piezoelectric cantilever and a permanent
magnet. A motor shaft is attached to a snail cam for
transforming the rotary motion into the linear motion. When
the greatest radial dimension of snail cam rotates to match a
follower, a cover plate supported by the springs is pushed
down, thus the iron bar attached underneath of a cover plate is
moved closer to a permanent magnet at where high magnetic
field. Meanwhile, a permanent magnet will bend a piezoelectric
cantilever to attach the iron bar via the magnetic attractive
force, while the displacement of piezoelectric cantilever is
localized by the topper. Therefore, when a snail cam leaves a
follower, the spring will suddenly pluck the cover plate up. It
rapidly releases the iron bar from permanent magnet, and
results in the free oscillation with high frequency of
piezoelectric cantilever. As the time interval (¢, ) of matching

OVERALL OF SYSTEM

between the greatest radial dimension and a follower without
controller is very short, and the permanent magnet cannot
obviously attach to the iron bar resulting in inconstant
mechanical input and unclear electrical output of harvester. The
control circuit is designed to define a longer time interval z,.

The rotation of motor is controlled by using the microcontroller
(ATmega32) through an integrated circuit chip (L293D driver
motor), while the matching between the greatest radial
dimension and a follower is tracked by a limit switch.

Fig. 1. Block diagram of overall system
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Fig. 2. Mechanism of frequency up-converter

III. STRUCTURAL CONFIGURATION AND CHARACTERIZATION
METHOD

In the structural setup of a test bench, an airgap (d,)

between permanent magnet glued on a plastic mass and iron
bar should be large enough. If an iron bar is positioned at
where high magnetic field density, a permanent magnet will try
to attract an iron bar via strong magnetic attractive force, thus
the oscillating piezoelectric cantilever can be paused. It causes
the unclear experimental results. Therefore, an iron bar should
be located at where the magnetic field density equal zero or
approximate zero. In this test bench, a 10 x 10 x 0.5 mm’
permanent magnet (NeFeB-N35) and an 86 x 10 x 2 mm?® iron

bar are used. The airgap (d, ) is considered in 2D simulation

using the finite element analysis with a FEMM 4.2 software. In
simulation, the magnetic flux density across an iron bar for the
different distances of airgap (d, ) were observed. As the results
shown in Fig. 3, the magnetic flux density across an iron bar
was diminished to approximately zero when the length of air
gap (d, ) reaches to 18 mm. Therefore, an iron bar was located

at where far from permanent magnet approximately 18 mm.
For characterization strategy, a frequency up-converter was
controlled to excite a piezoelectric cantilever with a single

pluck. Then, the performance of piezoelectric cantilever was
investigated with various resistive loads. The average output

power (P, ) supplied to resistive load since the free

oscillation of a piezoelectric began could be found by equation
(1)

P (1,)= j s M

where V, (7) is the transient voltage across resistive load and

R, represents the load resistance and ¢, is the time since the

free oscillation began.
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Fig. 3. Simulation results of magnetic flux density across the iron bar

With sampling interval (Af) of voltage measurement of
oscilloscope, the total output energy ( £(Z,)) is calculated by
using the following expression

B =3 Yy

L

2

m=l1

In addition to the average output power and total output
energy exhibited above, the energy conversion efficiency also
can be determined, which was defined as the ratio between
output electrical energy and the input mechanical energy. The

input mechanical energy (E, put) is approximately the

potential energy stored in a piezoelectric cantilever as given
by
1

E keﬁ

2

E z

Input =

3)

where Z is the displacement of piezoelectric cantilever and

keff is the effective spring constant derived from the resonant

frequency of piezoelectric cantilever (@, ) and net weight of

mass at the tip of piezoelectric cantilever (M ) as

k

2
5 =M .

4)

[V. VALIDATION OF A TEST BENCH

The experiment in this section was implemented to validate
a test bench by characterizing the performance of a PZT-5H
bimorph with a dimension of 0.51 x 31.8 x 63.5 mm® (T220-
H4-503X, Piezo Systems, Inc.). As the experimental set up
shown in Fig. 4, the stopper was used to localize the
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displacement of a bimorph at 2 mm, and the net weight of
mass at the tip of bimorph including a permanent magnet,
screw and plastic mass was 12.77 g. Being applied the single
pluck with time interval (7,) of 0.1 s, the performance of a

bimorph could be characterized as the results shown in Fig.5.
Figure 5 (a) illustrated the generated open circuit voltage. The
peak-to-peak voltage was 84.7 V. According to the time
period of oscillation (T) in the transient waveform, the
resonant frequency of a bimorph was 20.83 Hz; the resonant
frequency equals to 1/T. By directly connecting the various
resistor to a bimorph, the average output power dissipated in
the various resistive loads could be found as shown in the
Fig.5(b). The maximum average power of 578.28 uW was
observed at optimal load resistance of approximately
99 kQ. The load resistance was the combined resistance of
load resistor and oscilloscope probe in parallel. Figure 5 (c)
showed the measured voltage across an optimal load resistor
and total energy calculated by using an equation (2). A
bimorph could generate the total energy of 537. 33 wJ. The
measured energy-conversion efficiency as a function of load
was presented in Fig. 5 (d). The greatest conversion efficiency
was found to be 32.42 %.

The experimental results above prove that a test bench can
be used to characterize piezoelectric cantilever for the
piezoelectric energy harvester based on frequency up-
conversion.

V. CONCLUSION

This paper presented a test bench for characterizing the
piezoelectric cantilever based on frequency up-conversion. The
overall system with operational method was reported. The
frequency up-converter based on magnetic plucking was
designed to excite the piezoelectric cantilever. The interaction
between permanent magnet and iron bar was used to induce the
initial deflection in piezoelectric cantilever before letting it to
freely oscillate at high frequency. In machanism design, the
airgap between permanent magnet and iron bar was optimized
using the Finite Element Analysis (FEA). After that, a test
bench was fabricated and then validated with experimental
study.

Fig. 4. Experimental setup
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Abstract—This paper presents the performance and
behavior analysis of two unlike piezoelectric energy harvesting
floor tiles in which they are functioned with different
frequency up-conversion strategies to achieve the high energy
conversion efficiency from low and variable-frequency
vibration as the human footstep. One of such strategies is to
convert the frequency of piezoelectric bimorph up through the
magnetic interaction between a permanent magnet and an iron
plate, while another one is achieved on that through the
mechanical impact between a cover plate and a wall of the
floor tile. Experimentally, the floor tiles having one
piezoelectric bimorph inside of them are prototyped and then
mounted to their individual input-exciting kit to investigate the
energy harvesting performance. The input-exciting kits are
employed to simulate the human footstep on floor tiles. The
results show that the floor tile with frequency up-converting
mechanism based on mechanical impact should be a better
option for energy harvesting from human footstep due to the
low-profile structure and good energy harvesting performance.
Moreover, its operational way can result in long-lasting
piezoelectric bimorph. When a cover plate is actuated to move
down with the velocity of 54.13 mm/s and then released, the
floor tile can produce the average power of 0.82 mW at load
resistance approximately of 55.68 kQ.

Keywords— Piezoelectric energy harvester, frequency up-
conversion techniques, energy harvesting floor tiles, low-
firequency vibration energy harvesting

I. INTRODUCTION

With plenty of vibrations available in the surrounding
environment, converting kinetic energy into useable
electricity for powering the low-power wireless electronic
devices is of much interest. The vibration energy harvesting
is possible through three kinds of transduction approaches
including electrostatic [1], [2], electromagnetic [3], [4] and
piezoelectric [5], [6]. Among them, the piezoelectric energy
harvester has received great attention from many researchers
and become ubiquitous in a variety of wireless applications
(e.g. health monitoring, structure monitoring and industrial
process monitoring) due to the simple structure, ease of
configuration, high output power and high energy generation
efficiency [7]. Its electricity output is commonly provided to
power up the aforementioned electronic devices where hard
wiring and, furthermore, is used instead of the power source
from batteries to avoid several issues such as depleted battery
replacement, limited energy storage capacity and toxic waste.

One difficulty in vibration energy harvesting is the low
and variable frequency of vibration sources, which usually
deviate from the resonant frequency of harvester. The
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mismatch between both frequencies causes a decrease in
energy conversion efficiency. To overcome this problem, the
piezoelectric energy harvester combined with frequency up-
converting mechanism has been investigated [8]-[10]. The
frequency up-converting mechanism is used to deflect the
piezoelectric component of harvester initially and then leave
it to freely oscillate at high frequency, regardless of the
external input vibration. The initial deflection in frequency
up-conversion can be performed by non-contact magnetic
plucking or mechanical contact. These methods present the
best performance depending on the application.

Therefore, the purpose of this paper is to examine the
performance and behavior of two energy harvesting floor
tiles operated with different types of frequency up-converting
mechanism for increasing the efficiency in human footstep
energy harvesting. One of frequency up-converting
mechanisms induces the initial deflection of piezoelectric
cantilever through magnetic interaction and another one is
based on a mechanical impact. Following the arrangement of
this work, the overall structure and operational stage of both
energy harvesting floor tiles is first presented. Their
prototypes are then configured for evaluation of energy
harvesting performance. After that, the experimental results
are discussed and compared. Finally, the conclusion is given.

II. DESCRIPTION OF ENERGY HARVESTING FLOOR TILES

The overall structure and operational stage of both
energy harvesting floor tiles were illustrated in this section.
To make a clear statement in the further description, the
energy harvesting floor tile (EHFT) with frequency up-
converting mechanism based on magnetic interaction is
defined to be a first EHFT and other one is a second EHFT.

A. First EHFT

The schematic drawing of the first EHFT is shown in
Fig.1(a). The cover plate is placed as a tile surface supported
by springs. Its underneath is attached with an iron plate. A
base of a piezoelectric bimorph is fixed to the supporter,
free end of which is attached to a proof mass glued with a
permanent magnet; a proof mass is used to increase the
strain in the piezoelectric material, leading an increase in
output electricity. When the floor tile is stepped on, the
cover plate is pushed down to compress the springs, thus an
iron plate is attracted by a permanent magnet at where a
cover plate contacts a wall. Closing between iron plate and
permanent magnet causes that piezoelectric bimorph is
deflected initially as shown in Fig.1(b). The displacement of
piezoelectric bimorph is limited by a stopper to prevent -



Fig. 1. Structure and operational sequence of a first EHFT; (a) no load; (b)
loaded; and (c) unloaded states

the damage from over bending. Suddenly a foot is moved up
away from the floor tile, the springs will push the cover
plate up. As the result, the iron plate is rapidly separated
from the permanent magnet as illustrated in Fig. 1(c), thus
the piezoelectric bimorph is left to freely oscillate at high
frequency.

B. Second EHFT

The structure of second EHFT is depicted in Fig.2 (a). A
cover plate is placed on top of the springs. A holder is fixed
to the underneath of a cover plate to hold a base of
piezoelectric bimorph. A free end of piezoelectric bimorph
is attached with a proof mass. During stepping on the floor
tile, a cover plate is pushed down to compress the springs
and impact a wall as illustrated in Fig.2 (b). The mechanical
impact between a cover plate and a wall plucks a proof mass
down. Thus, the piezoelectric bimorph is deflected initially
in the down direction and then release itself to oscillate
freely. In addition, when a floor tile is unloaded as shown in
Fig.2 (c), the cover plate is bounced up by the compressed
springs. While the cover plate is reaching a top position, a
proof mass will be plucked up through the restoring force of
springs, making the piezoelectric bimorph deflect initially in
the up direction and then let itself to oscillate freely.

III. EXPERIMENTAL SETUP AND METHODS

To investigate the energy harvesting performance and
behavior of the first and second EHFTs, the following
structures of which were constructed first as a schematic
drawing shown in Fig. 3 (a) and Fig.4 (a), respectively. The
parameters setup was listed in Table I, where d; is the gap
between a bimorph and a stopper; d; is the gap between a
permanent magnet and an iron plate; and ds is the gap
between a cover plate and a wall. The piezoelectric bimorph
consists of two piezoelectric layers (PZT-5H) and three
elastic layers (RF4). Next, both EHFTs were integrated into
their individual input-exciting kit used for simulating the
human footstep. The first EHFT was set up as in Fig.3 (b).
The snail cam was connected to the shaft of motor. And, the
follower was glued on the cover plate. Hence, when a snail
cam was driven to pass through the follower, the cover plate
could be excited as stepped on by a pedestrian. On the other

Fig. 2. Structure and operational sequence of a second EHFT; (a) no load;
(b) loaded; and (c) unloaded states

hand, the second EHFT was configured as shown in Fig.4
(b). The footstep was simulated by a pneumatic actuator. At
last, both EHFTs were excited for the investigation of the
energy harvesting performance and behavior. The exciting
ways were designed due to the feature of each EHFT. The
first EHFT was excited by rotating a snail cam with a fixed
angular velocity. And, the second EHFT was actuated with
several force which could be observed from the moving
velocity of a cover plate through an accelerometer (EI-
CALC).

Moreover, the produced electricity was examined with
various load resistors; herein, the piezoelectric bimorph is
connected to a resistor (Ry) in series. The output voltage was
measured by an oscilloscope (Tektronix TDS3032B). The
average generated power (Pay) and energy (E) at time ty can
be calculated by using the equations [11]:

Pag (ty) = —jV (t)dt (1)

and E(t,)= ZMA t, for N>0, )
n=0 RL

where a subscript N represents the number of sampled
voltages; Vi (tn) is the voltage across resistive load at time tp;
n = 0,1,2,3...indicates the sampled voltage at a particular
time; and At, is the sampling interval. A load resistor
leading to achieve the maximum electricity output was used
in characterization of energy harvesting behavior of EHFTs.

Fig. 3. (a) Schematic drawing of a first EHFT prototype and (b) its
experimental setup.



Fig. 4. (a) Schematic drawing of a second EHFT prototype and (b) its
experimental setup.

TABLE I. PARAMETERS SETUP
Dimensions
Parameters
First EHFT Second EHFT
. Lo 71.0x25.4x0.71 71x254x%x0.71
Piezoelectric bimorph 3 N
mm mm
Free length of bimorph 48.0 mm 48.0 mm
Mass (tainless steel) 30 x 26 x 6 mm? 30 x 26 x 6 mm’®

Permant magnet 10 x 10 x 0.5 mm® -

d; 1,3 and 5 mm -
d, 18 mm —
ds 4 mm 4 mm

IV. EXPERIMENTAL RESULTS, DISCUSSION AND COMPARISON

In the experimental study of first EHFT, a snail cam was
rotated with a fixed angular velocity of 8 rad/s to pass
through the follower. The reason for fixing angular velocity
is because the different input excitations have no effect on
electricity output for this mechanism. Initially, the gap
between a stopper and a piezoelectric bimorph (di) was set
to 1 mm. The first EHFT generated the peak to peak voltage
of 394 V as shown in the Fig.5. Its free oscillating
frequency (f) was found to be 13.88 Hz regarding to the
oscillation period (T); f=1/T. By changing the value of load
resistor mechanically, the graphs in Fig.6 were obtained. A
load resistance of approximately 55.68 kQ at the maximum
power output was chosen for studying the effect of gab d;
on electricity output. When d; was increased from 1 to 3
and 5 mm, as can be seen in Fig.7, the average output power
and energy went up significantly from 0.16 to 0.51 and 0.98
mW and 0.42 to 1.26 and 2.37 mJ, respectively.
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For the second EHFT, a cover plate was pushed to move
down with the velocities of 24.50, 31.10 and 54.13 mm/s. It
assumed that the floor tile was stepped on by several
pedestrians having different body weight. The higher
velocity is for a heavyweight walker and lower for a
lightweight walker. At 24.50 mm/s, the second EHFT
produced the peak to peak voltage of 71.2 V with a free
oscillating frequency of 14.08 Hz as illustrated in Fig.8. The
load resistance of approximately 55.68 kQ2 could be found at
the maximum power as demonstrated in Fig.9, which was
further used to investigate the effect of input excitation on
electricity output. With making the velocity of a cover plate
increase orderly, the average output power and energy rose
from 0.47 to 0.72 and 0.82 mW and 0.96 to 1.67 and 2.40
mJ, respectively as plotted in Fig. 10. A slight increase in
the amount of electricity where a velocity of the cover plate
increase from 31.10 to 54.13 mm/s can rely on the
relationship between a plucking proof mass and a reflected
piezoelectric bimorph; a proof mass deflected piezoelectric
bimorph initially with a bit larger displacement.

Through this work it was noticeable that:

 For the first EHFT: It had a bit complex structure,
which gave the high energy conversion for using a large gap
between a stopper and a piezoelectric bimorph. The direct
contact between a piezoelectric bimorph and a stopper may
cause a decrease in longevity of piezoelectric bimorph. In
energy harvesting, varying force of input excitation, i.e.
heavier or lighter walker, had no effect on electricity output.
However, the electrical energy was produced only after the
cover plate was unloaded, while stepping on the cover plate
was for inducing the initial deflection.

» For the second EHFT: It could be easily configured
with a simple structure. The frequency up-converting
mechanism was not directly contact on piezoelectric
bimorph for inducing the initial deflection, thus
piezoelectric bimorph could be long-lasting. In addition, the
electricity output was directly proportional to the force of
input excitation, the high amount of which was observed at
high velocity of a cover plate. Interestingly, the electrical
energy can be harvested when the floor tile is loaded and
unloaded.

Regarding to the structure profile, operational strategy
and energy harvesting performance of both EHFTs, the

second EHFT is of much interest. It should be better than
the first EHFT in term of the long-lasting use and harvesting
energy from pedestrian in both crowded and uncrowded
areas.

V. CONCLUSION

Two energy harvesting floor tiles especially aimed to
harvest energy from human footstep were proposed in this
paper. The different frequency up-conversion techniques
used to increase the energy conversion efficiency were
depicted. One of these techniques was based on magnetic
interaction and another was formed on the mechanical
impact. To find the best the floor tile, the comparative study
of both floor tiles was implemented. Initially, their
prototypes consisting of one piezoelectric inside were
fabricated and then evaluated with the input-exciting kit. By
considering the experimental results, structure and
operational characteristic, the best floor tile could be found at
last.
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