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The fundamental theory on electricity generation on
floor surface
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When a piezoelectric element is deformed by walking,
electricity is generated on the piezoelectric element
floor surface. The generated electricity is charged into a
condenser for utilization.
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The relationship between piezoelectricity,
pyroelectricity, and ferroelectricity
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The piezoelectric body, pyroelectric body, and
ferroelectric body are related as shown in the figure.
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Fig. 3. AMOIEEXFLEETIV
Piezoelectricity generation on wood surface
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The modulus d,, means that shear stress in the RL plane
is produced in the R direction, and the modulus d,; means
that shear stress in LT plane is produced in the T direction.
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Patterns of piezoelectric temperature dispersions
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Patterns of piezoelectric temperature dispersion: a)

when piezoelectric coefficient decreases with increasing

temperature and b) when piezoelectric coefficient

increases with increasing temperature.
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Elastic model of the piezoelectric relaxation
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The model describes the piezoelectric crystallinity in

Fig. 5.

embedded non-piezoelectric phase.

al. 1970) FERSS, & HERS B K OREEDNFNC R L-E
T]bf*ﬁn# L/ 710

d (w) = K{1+(G1/Gz):‘(1’o/1'1)} : 1)
G2 [{1+(G1/G2) + (to/72)} HwTo—(1/wT)} %}

k{wto—(1/wt)} (2)

d” —
(@) = G e o/ = wr T

TTT. 14=10,Gy 7,=1n/G T, nidMitEE G
IR, o i3 REREEERT,

RAEEM 70/7, O ZZ X TRMAE LIS R (8K
1992), FEFIRFEOLEMNAREL KB &, BEHOE—71F
Ta— FEERDEHFHNEIRANEZL U, BIaRE « D
KELZD L, d'PANMSENELT ZHEEERL K,
COFERN ST I —fiHER L/ FICBIT B EEROEY
ERDFFZ M -110 ~ -100°CHHE THAN S IEANZLT %
. BRSO AGRBICRELMKEL TV DR EEZDS
N5, WITHIR 2 ZHETH FEEDFE DR O 7
HICERDN GV, ThbE, BB O/ NS TR,
JEER 4 EFFERE RS RV, LENoT, B /FIC
BT, tAKRELH R B 2 DOEMBERDEE L T2
M, FRABF ORI DK L e, EEHD
ZEHNEELIZEEZA DN, iz, Y 7= UHK
M OGP RDFELRDO DO K E I DMK T L HHIE.
V) 7 = 2 LR T AR HRHE DS — L — X1z b, T O
ST ORI DDA MIED > Tefeh & EZ BN B,
COXK S TEIC X2 EERMOMEED, Otba—
RGO EREAMEOAMTRIN LU TELZET IV, Qi

M L7 IR A & EBEDFEIC K> TELZET
WERGT ZHERD D, EHRNICE— aﬁﬁﬁé@u
EOIEEBEBRNZELDEBROMTERE S ERNET NI
RKMOFEERY d, EEHOEERE de. Fizllm L iz
RS DEE R Z da. KR OKREES 72 ¢ oo IERS
DA EE ¢ al LT, RAHKILT D EA -
FH 1998),

d = de*dct+da+ ¢ a 3)

BtV 7= J FHMOIEEHR N, -120°CfHET
etz ECHEVEEBE LT, HlZE d>0BXT
da>0 DEREZEETHEREINTVS ERETNE. (3)
DS da DRNBRIZFTHBHET N, de DARDENENEN S
k%i%h% THIC, TI—HHEDITERDOIEI 4 !

CRDENZEANDENDFEEEEETZ L. OD
um®$®w%h6fm&< fidia U 7z JEAS s i &
EEEDFETSEEDEEZI BN S,

T 2 —HHEDIEEHRDOFIBE d ' DAEIE 0.5 ~4 X 10™(
C/N ) REEGER d " OfEIE -02 X 10 (C/N) ANI)ba—
ADWE T, FEEBHH 0.4 X 10 (C/N). BEE
M 03 x 10" (C/N) T, liZzdbEd e, ©/F
DEBFRDORE TITIFIFEH L, T O(KIRTORANCIE.
la—XDIEREHDOBEST, NI a—ADF
HEFENZEDEEZENS @K - FH 1998), Fig.
6 CRULEETIICHZE, Bla—ABXUANI LIV
0 — REDOR M U7 IERE MEEEMNEINICZ < B Ehiud,
JEFBROFEI B X OB 2AmS, ElANT T 5
ATREMED D 5 (B57K - FH 1998),

32 (EFNBIC K DHEREN EFERNIRSR
RNV a—X TIRRET Y EZT7UHIC K-> T, &
ha—2ZMA, 7IVAVMHICE >TIH 5 INEGEET
5ZLEESHBENT VS, 7TYVEZTREDTIVAY
BT K B 5 ERED FEEEE 2 TR L. FD
Eﬂ@ﬁﬁ%ﬁk?%&%z%h%o
TRV, V) FOEBROIEGE 41X,

e LRI T 2 HEmZRL, —/5, TVYFT
& d ' OFFFIEATEH L. ﬁﬁiﬁ&&%tﬁhﬁ@u

A MHEAER Uz, I Y FOLE. BEGE 4 " D%FE.
TUEZT ﬂ@&v&Cﬁﬁk%%7ﬂ KT hicio
E— o h8int, 7 e TUNHEZEDO T I —HiEx, &
BB d " Y30 CHBRICAEZRSTEADH - Tz, EHIT,
JEBROELH ' OB LEE LA L &£ -50°CHR
TANSEANZEL, G ERDDMEATS > 2, WHER]
BT, e/ F ey /) F RO VYFTEEREN AR
50, O7 VBT NHEE, AR T, &/ F1E 3.9%.
VF ) FTIRN125% T VYF TR 13.1% AP LT Eh b,
ﬁy%:/kxéﬁﬁ#ﬁf*ﬁ¢®vbﬁ/%%mﬁ
SEHUTZC &, F-@UEEE] & QU O L
BORRE, ©/FT07, ¥YF/FT12, ¥ VPFT19
L, TUEZTV TRV a—ANEEE, SaE 1 H
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Fig. 6. KAMODIEBEMETNDI I al—T gV
Simulated patterns for the piezoelectric relaxation of
wood
a) FOEMI de 2 TDOERTdZE LTINS
ZE) L. da DFihdde KO EREFNEITE LR E &

BICAdIETFABEHTS, b) TTTdaMFEALO
IEW G de DFSBIC KD diZ 0 & Db < %,
a) : Patterns of the real parts of d. The upper solid
line indicates da. If dc increases with temperature,
d is positive, and if da decreases with increasing
temperature, d is negative; d changes from negative to
positive with increasing temperature. b) : Patterns of
the real parts of d after treatment. The heavy solid line
indicates dc, and the lower broken line indicates da. If
da is nearly equal to zero, d increases with increasing
temperature and is positive.
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SMAZRELHEEDEREZ DK LEZ NS (B
AR5 1997),

JEFER D FLEES d DY FISHE b AR 0D 73 & I RE B AY
IKIEET 2 9N, fmEDEINT hidoMmz£d 4

DfEIFREL R, THIC=FB LIV O —ADEEZET)
(Sasaki and Fukada 1976) &[Flkk, IRE ERICHLUTAHT
MO DEEERT D, Y F/FRT VDA,
FUHEDOE DO TRRE LR & & BICEBEBROEZHEROKY
. 7 YEZTHE TIRIEEROFEEBILIEE ERIC
HUTETINDICARBMRZHATE, v /F TR, £
WAV G & ALER IR ORISR LEE DAY 0.7 AR T L 7
CEIERLTWSE EEZLNS, ./ F, VF/FB
XUT VI DI L FER O BT OEME LT 3
JVF—iF, 1ZIEE U 62.8 ~ 92.1kI/mol. FEBER DG
ftzx)bF—, ©/F0-110CIHhEDGEE YT/ F
NG Y DR 90 CHREE DL & DI (b= 3V F— &
&, 37.7 ~ 50.2kJ/mol L1FIFHELWHIZRL TV 5,

FEEREN T B MANZED S T, T2 hcHmid %
C i, EBEROFBE AN ERAANTFITRENT 5 &

EZH6ND, CNX. AV TIFTAT Y ADREEE " DY —
IHERANCBE Lz & —K L., FEROREIED
M KELZD, BEEHOC— 7 WEiEf~AB#dT 3 C
L —HLTWB, LEEA>T, BREIITIE., T
HEARSGMICE ST 5500 Klick ., BlEEDTFE
ERRD, ERANCEITT 5,
Fle. TIVAVMETIE, KM OEILVa— XDk
%Eﬁl#%ﬂ«%ﬁbm<wk%26hfwf\Ty
Z7 IR EREREDOZ LA R SNV, 2iE L.
%@%ﬁ%uaf JEBHRNKE NG 2 T s
TNTWD CEHS 1993b),

3.3 BKkEEEEEMEOBRK
KIREBTOEKRT LD /FHBXUCHSTVYDE
ERETBOEHNCONWTHET LTS (B5K 1998b),

(Fig. 7) &/ FTEKEOHMME & &I -120°CHHED 5

BudEiRmIA, 230 CHhZ o #E, Ko KRN

95 EMMETNTVS (Hirai and Yamaguchi 1979)

BAELIFERCEIER L, ATV TR, BGKED

8% T, —HEBEMAKEI A0, TN LT

BANINE LR %, UL, -120°CHHED 0 #E.

KONV, BHBHICEHN T W E A Z R Uz, &/ F

RATIVICBWTEHNE Nz -120°CHEEDEBRE S

BUCOWT, AT oER bt VF—Z2RDB L, ¥

25.1kJ/ mol T, KEHEEDITHRIVF—16.7kI/mol £ &

RRRKEV, —F. -60CHIEDFTBOWEE LT R IVF—

k. 4 41.9k)/ mol £72 0D, AFO—)LEDRELFICED

CEDEHEPET NIz, (Norimoto and Yamada 1973)

M5 (1990) MR L7z & i, (KT OFEEREM

IZDOWT, WEKZDEDDRIMICH DI EWVWSEZS

EAE KB KU E K EWE Ry P bEca T Ly
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DT
Variations of piezoelectric dispersions with various
moisture contents for Hinoki and Karamatu in a
temperature range of — 150 to 0°C and frequency
of 100Hz.
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1) 3/ FMOLEICDOVTHEERIS &d” D

BKRICEBZENZRL TS, 2) BAhTTY
MOEEZRL TV S,

I ZADFENHD L WVWIEZT. WHEDARETH 5,
Sasaki and Fukada (1976) (&, EEfEt)Lo—ZDEEMN
VIR T LGB RESE kT BT & 2R L,
X ﬁ%lﬁmﬂgﬁk HEZEDNHEL 5 T & 285 LTz, Nishimura
5 (1981) WX FARIC X RRETZ V. AR HEEE O 6
MEGIc DOV T a— R T HRBOENRDK & DWW EEin
P, B ZEIKPIC K o TET B EBXRTWVS, A
BIFE 20, HCREDSIE, 5~ 10% U TiHER Mt
DOEALZ WS Uiz G - 34 1966, HIUT - L 1967), A
N5 (1975) &, #HEEEEILa— % HOHENZE 80 %
D EDOFAKHICBWZSGE, WEETHIEBEDRED
k%% ®ffki0mﬁfﬁothWH A TF-hIK
FOWFICED, FTRBEDPUINENE DI H 5
BEFL< %5 EHRA L, ailHS (1981b,e) &, FHEL
TERTHIC DWW TR FEERZHE L, (R TOH
L E L FAEIRE OB E WG Ul EE) AL
. vba—2, AIka—X, VIS UDHBZHED
ARRERELE T, TNE DN T EKERE L TV BKS
TEREZTCHBY, #HIBEMAHNEE, 2L TBBO DN
AT ZbE Uiz, THICEKR4%LLITFDKIZ
MHEDORE ML E PR EZ S 2 EHZ "M Uiz, R
L5 (1992) &, FOBEFRICHT B (040) MHICDWTHS
%%?U?%&ﬁﬂ%@%%%xﬁ@ﬁ&%mwfﬁ%
. FEEIC 2 A MRS U Tz IR EECDY K I REBh I IC
mﬁbt%%\%%%¥étﬁ%%wﬁﬁbt RART

B SR
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Polarization distribution on Hinoki and Keyaki
surfaces

a) B/ FHM. b)) BT YFMOLEZRT, #Ht
3 EEDMORE E & ZOMBIE, X7
OHBISAZ—2ZRLTWS, HiFATHEESE
HENEFLTWE Z DN B

a) : The case of hinoki. b) : The case of keyaki. The
vertical axis shows the magnitude of piezoelectric

Fig. 8.

polarization and phase angle. The piezoelectricity and
phase varies around the knots of wood.

W5, JEERESHOEKRICKZZIE, O M aEK
EWAIRGE D K FOE 253200 T, KD #iIcE
WHEANZ L, H5W0IEOWEKICK - T, FERSERD
il U TREMOBRBICIERISGENE DANZEL LT/
LTl EZT

3.4 FEMEMERE S L COREEDRAIE

A OEBERERMICHE T, MEC & TIREBRMES
2 —VNCEEDEN R Z R UTce THHRM & bt
REDEBHEDENE LTHREREREDTH S, TD
R S WIS ARM ORMZZ SIS DUV T OFEM 7 15 )t
MESNBAREMED R EZ L,

T, EFLIEEWT. RMNICHELET HHGZED
RERIKT AR T 5 FiE 2T Ll ((HIREZER
1997, $8K 1997), Fig. 8)

Bazhenov &, KM DEHEE L FEBRDORKREXT L DM
RICDWTHEESMIC G Z 2 B/KEOHE (1961) t:}:“
Smetana 5 (1971) (FNA XY DFEESMD I3[/ 32—
TS L. F 7z Galligan 5 (1963) iJ’oJ(UVenkateswaran
(1973) &, ARMOIFMIEASRE & U THEMRZMET L
AW OIEHEI L L UCOEB RO LA ZME L.
BIHREND 5 RN RH 2R, EEmOKEE L
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@h%ﬁh@k%éﬂ&%%%ﬁ%%:a%ﬁwﬁbto
— 77, Knuffel 5 (1986, 1988) ¥ K U Pizzi (1984) |
AR 2 WV T, AR R OB 7710 2 KD, w%a
IKBEDOMMHEE LT, Galligan 5DFiEZ L —A L,
JE R BRTE DA EEME B RO T B, ZDIED, JEEM
OH LWFIHBIZ 8 & LT, fARILh S A, IRH)
HNE N TORMEROTIE & [FEK L DBRICDWTH
L (FHARIL 1991, Nakai et al. 1998), A OBEEED K
Bl LTORMEZRGT L TWVWD, RETIE, KD
JPEETIVED B S BT F1EIC K 2 AMNEROE
SUVESG 2 SR8 B M FER E N, B A T DM
MFHN TS (shihara et al. 2015, 2016), {EHKFE T
BRRESRIEIC K 2 EERNROELURZ RD B FEDHT
BT, IGTIHIC X 2R Z RS 5 Fihiz S
BT L THEMERDD T EMNAREICE STz, THICK
D, KMOEEHRSZERMWICFHGE L, FIAEHZED
RO B FIHATEEIC R > Tz 7272 L. JRATHY
IR S, RS SRR S & DRIRSEIKERICK B
FEILOWTRSHROMEEL T> T 5B,

JEFBFBMBIROE T IEICOVT

THRETIVC, EBEMEZLECAEBEEURVEHE
Wik, TN ZENEBEMEEIEEBMHEICRAITE %, GHE
EICH5 25 REREAMEZ. RETOEBHOHAT
Hb, &LITATARMOWMEZ, Bl —A3I 7171
TVIVORBDMANTEH U, 20 E, 5. JEMS, 1
MEREEOEET B L, Fi, A O—ZAPV T
ZUhba— X Oz EEM B KT FREM & U TH
DFHATVD EEZOND, TOX D REHERMANRESE
ZHETAHAMOEEME X, O SHEE, O/ SEEIC
MEF DM, X SIC@REEICE M U IESMEED I E
AbNs,
FHEOYIERME & UTAMOEEBH OB F o 13,
SHEmEEZHO, BBXZ03 2505 O#HIBETH -
Telz®, HEHMIC 03 ZHV, 51, EEBHOEE
e, HERC HEEKTREREET, ~EDMHETH
5L, CTTHWEEE: , & o, i3 Mmtlao—
ARHEDOMEE UTHH Uz A - S 1995),
BIETRD SNz i BREEEIC BV TR Rz
Towy 9B e, EEE. BEEENENREIZ S 8D
EARERMNELN, —ROMEFT, FIF0.99 LIEFITH
WHHBMEZR R LT, R4/ FTid. BIHME 7 L 3HEE 4,
DORIF. B /FRATIVDOGEEEE. BB 2D0D
BERROAFD/INZ— N ER R Uz, T 2 —HiECE
B IEEZROBENIE & FHEE & OBIfRIZ. -150 - 0 COIE
FE CEAHBI I R D B, RE B X UCRE O
LA L s 1 ROBEMTHBEFREE 099 & &0 EZzRLTz
EAR « TH 1995,

& T AT, [EEBMDESFEIKO A Y T B0 TH
ZEd R, K T OEB LS HUN R T OFE AL
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IV F—DELI SIFGERBEHTAEL S & LR (F
HD5 1988) LIE—H LAV, HIZIE, e /F0HT<Y
T -120 ~ -100 CHf I B & N 2 JE B TR E 77 #Ud. ﬁ
41.9kl/mol TH O FEMAIN G E M ENAER L
FELV,

COFEZRRT B =HIciE, EBEMICIZE M E &
ficm U7z dEfS M e MEENS L ZEZA BT NE RSk
Vo DED, TUXLREYOIERHEE T, EER
BAECHEWT e, JEMMEEPTE SEICE M L7zTE
B HEE R TIETH S EHERIE N5, BIZIX. Sasaki and
wmmﬂwﬂd RGN (1 SRS QG N

AR O EER L il U 7z IR MBI D R E R 2
uaafhﬁ%i@@ﬂﬁﬁb‘%*ﬁﬁb 5 e R & JE S TE
DFEERZRDTNS

[ 2 E CE Y5 EEHDOEER 4, 3, #miHO

FEEH dc LRlm LIRS mHDOEE R da 5,
dy=¢ cedct+ ¢ a-da (4)

TEEIND, 5B, ¢ c FEHFHOKKDE, ¢ a
EIEEREE DR ETH S, @) KT, HHHDE
BREIFSRMHDOEBRERNRD NS ATREMEDN EW

5. AM - vla—2Ah 5 DIEEMFIOBS
Bl Z X, Table. 1 ICHMEMBIDEERDOKE S 2R
T (FAR 1994) B, AMIZKED 120 BEOH L
Btz 7m0, & 5IC Table. 2 ICa R BIEOEER (K
1994) ZRLTWVW3, TDXHIC, BFEICKD, EEX
DREZNWCWENTYFNDH B, —RINICEBROKE
BRI EE N RKE VD, IZIEFRE OB T SR
CIREERIM & TIRIEEBRORZINAELDZ T EHH D,

Table 1. FFEAEIOEBERDORKE S
Magnitudes of the piezoelectric constant d of
various materials.

Material d (10C/N)
Poly y -methyl L-glutamate
Poly y -benzyl L-glutamate 4
Cellulose triacetate 0.1
Poly D-propylene Oxide 0.02
Wood 0.1
Poly vinyl fluoride 1
Poly vinyl chloride 3
Nylon 11 3
Poly vinileden fluoride 30
PZT+PDF2 20
PZT-+rubber 35
Crystal 4.5
PZT 1200
BaTiO3 1700
ZnO 8.8
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Table 2. (MR BIFIDIEBROKEZ X

Magnitudes of the piezoelectric constant d of various wood species.

Species d (10™C/N) Species d (10™C/N)

Tuga (Tsuga Sieboldii CARR.) 1.17 Jelutong (Dyera sp.) 0.74
Shirakaba  (Betula Platyphylla SUKATCHEV

0.6 Karas (Aguilaria sp.) 0.39
Var. japonica Hara)
Hoonoki (Magnolia abovata THUNB.) 0.8 Teraling (Tarrietia sp.) 0.49
Taiwan Hinoki (Charmaecyparis Taiwaneois

0.67 Champaka (Michelia sp.) 0.55
MASAM. Et SUZUKI.)
Kiri (Paulownia tomentosa STEUD.) 0.24 Giam (Cotylelobium sp.) 1.42
Hinoki (Charmaecyparis obutusa ENDL.) 0.63 Resak (Vatica sp.) 1.07
Sugi (Cryptomeria japonica D.DON.) 0.33 Light red meranti (Shorea sp.) 0.52
Konara (Quercus serrta MURRAY.) 0.57 Balau (1) (shorea sp.) 0.68
Shioji (Fraxinus Mandshurica RUPR.) 0.4 Balau (2) (shorea sp.) 1.03
Borneo Oak (Quercus sp.) 1.21 Buna (Fagus crenata BL.) 1.18
Keledang (Artocarpus sp.) 0.68 Kaki (Diospyros kaki THUNB.) 0.41
Kelat (Engenia sp.) 0.77 Mizunara (Quercus crispula BL.) 0.77

o Isnoki (Distylium racemosum SIEB. ET

Tochinoki (Aesculus turbinata BL.) 0.32 ZUCC) 0.84

=MD Z ITHHEBEME & UTORREVIEEH#EA T
WEW,

o —RFEEARTH D MBIV O—AB XU R
B a—RA7 ¢t )VLDEBEICDONT, ZRENDIE
ERMBHEMRFT LTS, EHIKAMRY T /TF)V
{EARMT 4 IV LIE DY)V — RFEERT £ )V LTEED
IR BB B REFB S OEBEN MGt 2175 T2 CF
H5 1993a),

O EKRA D & CIREMR TR, EEEORA
HKTHBDIIHL T, AMEEDODRERED T RIOFIH
WMEFNE, FEALAZIONEZ Y, ThiE, BOEE
TIEERE D TDOEEBHICH U T 1/100 ~ 1/1000 &
EDWN UM Ezmnizo, AT 52DIEa R A
Mo EBZNETH B, Blba— IR (L - Y

7 (C/N)

log d

s
——
v

100
PDAF: 1,1,2,23-R47)LA070E L7+
X222 SONARTOEFET VAR

BRIl — ZEESHAD I ERR DML X 2 258)

Variation of the piezoelectric temperature

BECC)

dependence of d for various cellulose derivatives
Bl — AGFEAD ERROZEH 2777,

The piezoelectric constants d of various cellulose
derivatives are dependent on temperature.

WIRZE E 2 9 & & ks F DK PVDF O H I PUisl
TEHTENHSMCENTWS, Fig. 9ISRT LI, H
MENCGEMH U PVDF 7 0 VL eV 7/ ZF )k R
FOIFINEIO—AT ¢ )V LDOFEBERIFIZIZELVE
ZRr U7z (Hirai et al. 1994, FH 5 1994),

T

6+ ® #5714 LA |
1°C/min .
- O :FER 71 ILA -

1°C/min

EBE@NC/em” * K)

[ ]

100

BECO)

Fig. 10. #5 < JEHET )V LOSEETED g

Comparison of pyroelectricity between the
composite and non-composite films
HWET VL EIFEE T 4 )V LOEEEDE,
FHEET NV LEEENVO—ADARTHET «
WG T2 VN T LOWMAE DEEZRL
TWa,
Difference in pyroelectricity between composite
film and non-composite film. The non-composite
film consists of only a cellulose material, and the
composite film consists of a cellulose material and a
BaTiO; powder.
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L7eho T, WA —MzRHT 2558, TOE
BRMEBIROFILL R0 S5 %, FELIE FELTIY
DAL DEARICE BTN ABIFOATRENZ VW2 L7
(BA - K0 2002), (Fig. 10)

6. SHDIEETEICT 205D EY

AMEGsEIa— Ak EDOEBMEO M E LTI,
OEAERZRTETFMEL. 7131 ZAD% L @QARMA
ROFEBREFIH U7 JERENFM T =DM, 51
OERIEEN 21T 5 BIARTIC BT 2 EBROMIAN T 5
N5,

QDT INA AFAFEDEIC DOV TR, MOEERED I
HAENTEBO, ES5E2MHENEENDS, 72721,
FEBRKEHINE SRRV T VBV F oD E DI
WMTBETICE>THD, 5B SIKEHINEEDMME
#TEBH LTINS,

FLWRIHm E UT, IRESRE (X2 7RkD
NOFEHANAALN TS ((EH 1999), FFICHRE T,
vua—XF /77 48— (CNF) WMEHEN., ZDF|
AR SN TS, EESIE. CNFZFARK
ZEHILT, ZORERERNEZEE LTS ERDS
2018)o CNF IZ DWW T DEBHGICHE T % iR WE &
FRZUL, ESIKHEBBMRZFIA LI FIEICDONT
DHEDHTH %, CNF IIFERBENENESDN TN
M, ZTOEMML EORBAEIIRFHBTHZ, KD
FRRES TCOEBEROZELEN SMADEAR L OH
RICDOWTHE LT3, —RIGESGERZ LT, E
BRI EIZR SRV, THIERIEDOE WV CNF 2 AN
TE. TR CNFICISHIMEETE RN TH 5 L
WL, NAVE—DRBETHHELTWVB, —/. R
Maoamt Ert) KRR EBEESRELT
WA ETHO, 5% MRBERICERGERDE LN
7z LT3,

@DIFEMTEDORIC OV TIE, FEREABXT
KR DRI ZE > TWARWIRI T, S%HE%
HANDIERDARETH %, ZOHRT, WHEHER L EEE
ZHAGDLEREEDIE, FiHT—~E L THEHI NS,
T SIERE RO B PRI KB ARMOEEE G L
DFRZRD 2 FENREINTE D, SH%OEMZH
LTV,

QODEMEKTHAHBMAICBITBEEHRIE, ALK
HENTELT, ELKHAETHTH B, WEBLEORF
21 DEZHNTHREL TS (L 1994), & T
AW, BIARENGE Ul B AR TOEEEICDOWNT
. 2AARATH %, TR LIEAM T, EBESEET
5T EWIKEEATZIRETETHONRIPBADEE L
MEMDEFENDZ L TE2DONEHREEZTTTHS, L
oo T, K& AR DL RTGE & EB oM L DD
DHREET—<EEDEEDNS,

R, FEEZR EXEZICE. FBREDENT L
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X ORMME, T SIS ZEGT 2 WHE, EAaH
DX S HAEHID B > TIEI1 72 & FTHE M T RIET E
BTENRELERD, ETAHD. AMIE, TOXRXTL
ZOWREZH LTV A RNEEEMETH D, AMOFEH
DA >TE, EREDRZZMEZEETEZ SN E
LN,
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HA B lum ik (1977) AMOIERLEER K TIE
a b D2 ) —7  RMAERES 23, 10-16.

Bazhenov, V.A. (1961) Piezoelectric properties of wood.
New York :Consultants Bureau, 176.

Bhuiyan, Md. Tariqur Rabbani, Hirai, N. and Sobue, N.
(2002) Behavior of piezoelectric, dielectric and
elastic constants of wood during about 40 repeated
measurements between 100 °C and 220 °C . J. Wood Sci.,
48, 1-7.

Date, M., Takashita, S. and Fukada, E. (1970) Temperature
variation of piezoelectric moduli in oriented poly (y
-methyl L-Glutamate) .J. Polymer Sci., A-2, 8, 61-70.

R R— (1967) k@D FOEES . @+, 16 (9),
795-800.

Fukada, E. (1968) Piezoelectricity as a fundamental property
of wood. Wood Sci. Tech., 2, 299-307.

PRE R— (1969) w2 #kiE & &0 FOEXMMEE (2
w7 OIEEE . M & T, 2, 718-724.

Fukada, E. and Ando, Y. (1972) Piezoelectricity in oriented
DNA films. J. Polymer Sci., A-2, 10, 565-567.

Fukada, E. and Sasaki, S. (1975) Piezoelectricity of a -chitin.
J. Polymer Sci. Polymer Phys. Ed., 13, 1845-1847.

Fukada, E., Date, M., Hirai, N. and Hara, K. (1967)
Temperature variation of complex piezoelectric modulus
of wood. Rep. Prog. Polym. Phys. Jpn., 10, 403-406.

Galligan, W.L. and Bertholf, L.D. (1963) Piezoelectric effect
in wood. Forest Prod. J., 13, 517-524.

FEH B2 (2003) AR DIEERIRE . Cellulose Commun.,
10 (3) , 119-123.

FH EZ VR R— -8R SR - B BOZ (1988)
b — 28 K CAM O T OEEREM . HE,
37, 560-564.

Hirai, N., Hayamura, S., Suzuki, Y., Miyashima, K. and
Matsuyama, S. (1992) Piezoelectric relaxation of wood
in high temperature region. Mokuzai Gakkaishi, 38 (9),
820-824.

P Bz - ARED OEHE - R =R (1993) 27/ T
EARM BT YT /7 TF )L n—XDOEKHIE
B AMEEEE, 39 (5), 603-609

Hirai, N., Ootake, K., Suzuki, K., Sobue, N. and Ito, T.
(1994) Cyanoethylated hydroxyethylcellulose with great
piezoelectric effect. Mokuzai Gakkaishi, 40 (12) , 1398-



12 B

1399.

Hirai, N., Sobue, N. and Date, M. (2011) New piezoelectric
moduli of wood: d31 and d32. J. Wood. Sci., 57, 1-6.
FHOFz s HRIL BR- BN & g &Y
(1993) 7 )V 73 U LB D ML MAL, 42, 153-

156.

FH Rz - R fER - R (1994) VI bm—
A BAROEKIMEE . aRENE )L o — ek
DBEAFE , PR 5 FEERPAFL BB E R A2 (A)
W7 ORI H (RS 5 05302058) WL #E
FHAZZ , 50-63.

Hirai, N. and Yamaguchi, A. (1979) Studies on piezoelectric
effect of wood.VI. Effect of moisture content on
piezoelectric dispersion of wood. Mokuzai Gakkaishi, 25
(D, 1-6.

Ishihara, M., Ootao, Y. and Kameo, Y. (2015) Analytical
technique for electroelastic field in piezoelectric bodies
belonging to point group D oo . J. Wood Sci., 61, 270-
284.

Ishihara, M., Ootao, Y. and Kameo, Y. (2016) A general
solution technique for electroelastic fields in piezoelectric
bodies with D ©© symmetry in cylindrical coordinates. J.
Wood Sci., 62, 29-41.

FHEEH (1988) BT d<ad ¥V T 1)V,
10, 68-73.

AR e B e i #E= (1975) TBAKIC K
V7 VBRUTETIVRY =DA% . K
MAEEEE 21, 624-628.

JUE FEE - R B (1974) AR OT2HHEEDIRIERK
A AR REE 20, 349-354.

Knuffel, W. (1988) The piezoelectric effect in structural
lumber. Part II. The influence of natural defects.
Holzforschung, 42 (4) , 247-252.

Knuffel, W. and Pizzi, A. (1986) The piezoelectric effect in
structural lumber. Holzforschung, 40 (3) , 157-162.
HiE HE - BN SEME . Em ErHEs - RE KR—
(1981a) 7 Z F >/ kit D HE U AR MRS RIE K
7T DR AR, J. Polymer. Sci. Polymer Phys. Ed., 128,

27-31.

A - EA SEME . Em EPUEs - PRHE R—
(1981b) RIKHEAE DRI A MHE QD — i L
T D E — | KHE R RIS TSRS 130,
33-36.

A HE - EA SEME - EE EPHES - EH KR—
(1981¢) RIAMAMEDFE XS 2MMHE ID —1T DA
F Y DREEZTE — . WMt E 0 PR AT
JE , 130, 37-41.

Mark R.E. (1967) Cell Wall Mechanics of Tracheids. New
Haven and London, Yale University Press, pp.277.

B OWEC B SRR (1988) MEAEAR Y Y — . @

THTFEM onepoint-14, FENT HIRK .

B EAS 2013) TRIVF—N—AZT 1 VT (K¥H
BEIRAEAETEE) L JOHIVIEL , 82, 964-968.

Nakai, T., Igushi, N. and Ando, K. (1998) Piezoelectric
behavior of wood under combined compression and
vibration stress I: relation between piezoelectric voltage
and microscopic deformation of Sitka spruce (Picea
sitchensis Carr.) . J. Wood Sci., 44, 28-34.

H#FEESEHRE (1997) %84 1Y = A b AMH DIk 53
fiZze E . (1997 4F 9 A 8 HAF1).

Nishimura, H., Okano, T. and Asano, I. (1981) Fine structure
of wood cell walls I — Structural features of noncrystalline
substances in wood cell wall-. Mokuzai Gakkaishi, 27,
611-617.

Nishinari, K. and Fukada, E. (1980) Viscoelastic, dielectric
and piezoelectric behavior of solid amylose. J. Polym.
Sci. Polym. Phys. Ed., 18, 1609-1619.

Hige 50 e Sl - |\ 1E (1973) U 7= OF%
BRFE . MR, 22, 61-66.

HI7t 5 il IE (1967) ARM OMIMER I X UFFERF
PEIC B KIE T ERROPZE . AMIZE , 41, 36-46.
Norimoto, M. and Yamada, T. (1972) The dielectric
properties of wood VI. On the dielectric properties of
the chemical constituents of wood and the dielectric

anisotropy of wood. Wood Research, 52, 31-43.

Norimoto, M. and Yamada, T. (1973) On relationship
between dielectric properties and crystallinity of cellulose.
Wood Research, 54, 19-30.

Pizzi, A. and Eaton, N. (1984) Correlation between molecular
forces in the cellulose I crystal and the piezoelectric effect
in wood. Holzforschung und Holzverwertung, 36 (1) ,
12-14.

Sasaki, S. and Fukada, E. (1975) Sign inversion in
piezoelectric temperature variation in cellulose triacetate.
Rep. Prog. Polym. Phys. Jpn., XVIII, 361-364.

Sasaki, S. and Fukada, E. (1976) Deformation of the crystal
lattice by water absorption and piezoelectricity of
cellulose triacetate. J. Polym. Sci. Polym. Phys. Ed., 14,
565-567.

Shamos, M.H. and Lavine, L.S. (1967) Piezoelectricity as a
fundamental property of biological tissues. Nature, 21,
267-269.

Smetana, J.A. and Kelso, P.W. (1971) Piezoelectric charge
density measurements on the surface of Douglas-fir. Wood
Sci., 3 (3) , 161-171.

AL fER (1991) HEEHREGZHFIH U 7e ARM ORIERHS
DERTIE DBHFEIC B9 % BRI ZE . T 2 fEERE
e ighE (—Mue (©)) WHoeRRmEE R
HET 01560182), WEZEfEH  HATER.

AR K« W 2 - KR K (1992) X #illE

TRARAE S BT TER S 55 18 % 1 5, 2019]



AMBX UV O—ADEBBSR L ZOFH 13

2 & B AMOIHGAFRIC BT 2 HEKRTOTH . K
MEEE, 38 (4),336-341.

BiR #E (1992) 2. AM KT E)ba— ZAFEEKD T
TEREA . EAEREMEM B E LT ol a— A FEE KD
FAFED 7z & DEERERIISE , FhL 3 TR A B
W (—Mwrse (©)) WMt # GRERS
02660170) WZEAEETH 152, 6-16.

BRI (1994) V. KM - VO —ZABI UL O—
AFEROIEERA . SRl o — XFE R D
FATE , Wk 5 R AR B MBS GRaifge (A)
WFZE R R i 5 GREE S 05302058) , WFefRE&#H
FH 5.2, 40-49.

B R (1997) KM EHOHEENEMMHIC K 2 IE
WEEERIE DFKA . AR T3, 52 (1) ,20-23.

AR £ (1998a) ARM DOEEREM (5 4 ) AR I
TOEBERINC LT T WA KDZE . KM EREE,
44 (4),231-240.

gk = (1998b) KIREEIC BT 2 AM O EEREM &
THHRETIVIC K BN . SRR R

FAR R (2000 AMOEEHS L ZOFMH . KM T
¥,56 (1),2-6.

gk w22 (1995) AMOEBREM G2 #)
GEEEIC B 2 EEBBEAICHT 2 MHRET VO
W AR 2EEEE 41 (3),271-280.

AR #=wE - R B2 (1998) AMOEESEM (B3
H) AMOIEBRANCBXITITHY 7=V UNBE DR
B KM, 44, 162-169.

BAR #wE - EH B2 MWW EfT (1992) AMOJE
BEARAT 5 1) FEEMRANC KIE i 3 X O
W& DR KM P23k, 38 (1),20-28

Suzuki, Y., Kataoka, Y. and Matsui, H. (2003) Electrical
properties of composite cyanoethylated pullulan film. J.
Wood Sci., 49, 100-103.

g w228 (2002) VY —F REY I X E
FREBEME 2 D Lt )b o — AR OBISE . Ak
KA WSERTATH , 13, 3.

g #wBE AN B -mEh B -TPH B2 (1997)
WART > = 7 AUVBRM O JEEBARFIZE) . M8, 46,
1323-1328.

| Bulletin of FFPRI, Vol.18, No.1, 2019

AR g e P e BRI B - R REA (2018)
CNF @ SO FERIR R IOV T . )b — A%
RHE 25 MERK R E S | 120-121.

SRR (1999) &5 FOHTER K 11 45 H A
i ARIhE Y R YT L 21 DR - BRI
20OFEBIZ B LT -Part-1, 25-27.

Tajitsu, Y. (2016) Development of environmentally friendly
piezoelectric polymer film actuator having multilayer
structure. J. J. Appl. Phys., 55, 04EA07-1-9.

mA FER - A BUk (1962) LA Y — A, Rl
PRI RER—IV R Y+ > (BR) | 16.

B H— -0 BN (1966) Ak DFEEIZEE)IC RIS
W CGE28) BKENFER e ' BRUBER
Ke"ICRIFTHEICOWVT . AMPEREE, 12 (3),
115-118.

RGBT 50 iE I - BlRE R (1990) K
MIC W UTcIK DB R . RM2EREE, 36 (4),
257-263.

Venkateswaran, A. (1973) Effect of compression on electrical
properties of wood and cellulose. Forest Prod. J., 5 (3),
230-234.

Wada, M., Sugiyama, J. and Okano, T. (1994) The monoclinic
phase is dominant in wood cellulose. Mokuzai
Gakkaishi, 40 (1), 50-56.

Wada, M., Sugiyama, J. and Okano, T. (1995) Two crystalline
phase (I a /1 B
relation to plant phylogenesis. Mokuzai Gakkaishi, 41

) system of native celluloses in

(2), 186-192.
iy FE (1989) A=W EOEEN . oA, 58
(3), 411-413.

ik FME (1994) WO EEBSKATEE Qv) . 25 55 18]
T YIER 222 A0 A T T AR SR No.3, 1049.

TRHE H7K(1974) FOHRE) & T DHELHS . KEHEM
40 (1), 48-52.

Yasuda, Y., Akamatsu, M., Tani, M., Yoshida, M., Kondo,
K. and lijima, T. (2001) Preparation of lead zirconate
titanate thick films by Arc-discharged reactive ion-plating
method. Jpn. J. Appl. phys., 40, 5518-5522.



14

Piezoelectric phenomena of Wood and Cellulose Materials and Utilization

Youki SUZUKI V"

Abstract

The piezoelectric effect of wood is explained using practical examples. The mechanisms of piezoelectricity
in wood, cellulose, and cellulose derivatives are analyzed based on observations of the relationship between
piezoelectric temperature and dielectric and elastic properties. The piezoelectric temperature dispersions
characteristics are different in various wood species. Liquid ammonia treatment, delignification treatment, and non-
crystalline treatment causes variations in the piezoelectric behaviors. The relationship between the crystallinity and
the components of wood chemical structure is analyzed using the two-phase model. The cellulose derivatives are
explained in the outline about a highly utilization.

Finally, some recommendations are made, such as the development of device, the development of a non-
destruction evaluation method, and the clarification of the piezoelectric behavior in a living tree.
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