RO TIZED LZBEONL T A =7 A 1

<P 22 SR FEB R >

MO TICER LD, F A D=7 R

1. #%

il

(B3] &) SEAVRT X9 A2 EW
I 5 & W) TR BUSRED 2RI
WA U LoERE S, Thbh, [&
RE|EWH T hEBLTAMPEETnDE L
EETLHENTH S, FiZ. BEEIZE > T
ARDLELANEEFEICEMLTBY ., HEHE
UECTERS | ZEoEEWEI SV, T2, i
A, MM IAERE & ORIEME L RS hTH ) Y,
[ERD | ZEHNANL2D QOL L MIMICERNT 5
EDEZDILENODOH 5,

HEMODH Ubw (BR) X, B, BIK . &0,
B EOBAKETH 555 B THAKITAR
DEERT 775 —=Thhb, LnICIIHE £ DK
WHAHD, G THR) )& 77RO 5
AT BB Al il % e D 512 EEE R
BRAE DD, HIEITEMRES O TS 5 HHEM
THBIONAF A= AOBIE P SEETH
ETH7 R BENHIT S LEZ TV 5,

AFIIZ G T SMEERTVDE DD 2|
FBIFHE IS > TV ALEDTE L. BEO A )
ZALDBEIZ TS EIRE R RV FT Ty AR
eI IR A B BINIZEHG T 2 FEOM . % HiR
LTW5b, AFCld. EmomiiiEEicaH LT,
3 ) S 2 S FEIK IS BI 3 A WF o8 & 920t L 72
CEEHET S,

2. B K

AFETIE, BIRISEEZ LT § RO

B B R
(R TR R B T 5ER)

FEIZHEH Uze BARMIZ MRS S 2 A3 2L
£ (R, CX7 v VREDAF Y ZHT) %
WZe g & LT, LA OIS & &0k
R & D BIfR %2 iR~ 7z,

M2l 070 —F v — MIRT, A
. MRS AT AN LM T3 X#HCT
W CHor L. £ O E g2 & L of &
MFEB & BRHT T 2 FIHTH 5. — . A
X #t CT #cs2 TH W 72N LA i A 3R 2 it L
THTEJEIE 2 5 L, AR 2 X2 FIE T
Hb, TLTHMHEZIWE - ERTLHILITLD,
TN £ i DO Bt 3% & BRI RE I O BI AR 2 B & 2
952 ex AT B ABIGETIEM/N A
& & R RE 2 BB B L T B, 2
BT 2 K DI, S OB & O BEMY R 1L
C OB CTEHI L7 EEED L RO b b,

ERHRICSS
1 HRSEER
| SRTEEEE |
! bsg - EE
(W] <o [
K1 HEFIE

3. X#RCTHREICXZERMDBEESN

K2k, EEEHIFELT (Lednd) TH DD
BRI R E VD H B A F v 7 BHF-O W= 5



2 i LS FHF e 3

Vol.19 (2012)

Thb. ZOOEMOBAEEIIHOS IR L5
TWwb, 2% 0, AmORMEEITAKICKE S
FHHL TV LR V. Z 2Ty A OWHE
BEA DHEEDORFHEZ R T L E X LN L IFHE %
L, ShEHeTRMOFEERBT5 2L
kAT T2 TS OEMEE TS L.
SRLEL LTCOREMEE TRz R ET DL
fFiiE, TROMEWEIRDO 2+ v 7 H1 8 fli
THbo

AFTYVIEFA AFVIEFB

X #% CT /g &
K2 RFvIEFOUEESE

X CT mifgix. MEROAF v 7 ETORTF
TS -> 72 Wil 2 H L7z 0T 1 HHEDOK
EIBIUEEL G BEEEHOY v 71X 18 um
Thbo BI3TEROKEIIETH Y. BEEBAZE
o ABEAZAF vy 7 ETFOEMZRL TS,
WEICEI~ 1 70X MCTHE
A130SS940) & w7z,

(ScanXmate-

X3 HMEMHEOZHD CT EiR

FRBEAIICER L CIEH L72oiE, R4 1R T
IO RBEORHERICBT2AMOHETH
%o ZINE. SOME AR AR L B L
X 1)~ @ TR TADODOFHREMR, T4
bbb, Size: AF v 7 EAFDEN B Average
B ON S A, Variance - BTN 5

X4 E&ITOEERS

i 9 A 5 A WA O 2, Moment @ FE1HI T %
ANOEHAHBEDRY) TH 5o
Size=T-N (1)
1 N
A =—>»D.
verage N z I (2)
Variance = {Nl—l lz::(D,- - A)z} (3)

Moment = i [Di{(ni —%)/%H‘ 4)

SZT T MEEEHOY v F (mm), N b
Az ENTE 2 WG ROSME. Di @ Fii
POEEFMICEZ Ti FHOMWGEO S A,
niti FHE TOWGONE. A ¥ HEIRO MR
(mm?®) TH b, F72. FHEBOKE SE2RT
W.LiZEE53 2mm & LTHB L,
:ﬂ%@%ﬁifiﬁﬂﬁﬁtf%%%ﬂ5:
R o BT OAFLHIL 0457, BT
DEAFGHIX0.372 T, HFEMWH T TORMH
130829 Tholeo TOT ENH, B5 DOHUA
I ORHMEIA L T EHRE LKL T
WHEEZLOND, KEERTOERIIONTE
25 L., F—FA L Moment & Average D36 F
JES G- L C\WwAhm T, Variance 56D 2 FEFHIZH
NTHVEDRLHEELH5E I TWLEFER b, —
Fv BEWSE Size LIZITFEATTHY. Thp
Lixb KRELRPEELZITTW5B, E72, Average,
Variance |3 55 — F 5120 L CIEDOHBAD S %
W2k Ly Moment (SR DMHBINH B L V) T EH




RO TIZED LZBEONL T A =7 A 3

-0.8 -0.4 00 02 04 08
L ©
o — o
L
- me&§38 e
Ave(raggﬁgs 51 B3 E€§3 S
G3— . ©
§ F5 F4 HHES o, ©
£ F3 F1 .
- : <
Moment <
o - F2
Al
4 @
© A3 Size =}
T T T T T
3 2 1 0 1 2
PC1
5 RFTyIETHEESDERD D
Db,

FRABOMEMRE RS & B2 WEA
DEE TR L TR L DS 2T/ &
W EPDbRNL, THUIE FERGTITKE g
ZHZ TV Size BB A i TRES R G-
TW2Z 2 BT %, 12, 3B B, UK D,
HAFE G D —EBAY Average ., Variance IZ B\ TR &
A LWl R TENS, $72.3K B,
B G X Average S U Variance DX 7 I VIZiH-
THALTEN, Moment \Zx) L TIZ T R\ EEPH
CHEP LTV, TS LT 508 D3k
DY HEDELHE Th o722 b b,

25

72720 S ORHTED AR TIIEE & BRI
DRI S Tid v, £ 2 Tl % BT
572 DFEEEHNZ1T) 2 LIl

4. MWD RIEPTED Rl

REAMT A1) 7 PN 3 % BRI 5 & BT B
i, WHEEEZARLLEND L. k10L&
O EEE I ER L RIS TEB), Y7
RMIEREE 7 & O % FHIIS B F5E 35S <
HERTWRY, Lal, 20%lid~vro
Wizt sZ 2 HELTBY., HH
Hirs L OBfRE R ZEIE AR BR T, 13
A ETR,

B6ik. BHEDOTZAF v —=TF 749 (h#l
HEREKE) 2T, Bl L7z 8D R F v
7 B O EIGHE 2 WE L7 RO—BITH 5,
CCTHONAEY Y Ui EREOEEICHEH
L C. variance (A543 Z R &E 4B & OMHE %
ARTHZEZ A, IhHOMICHAMERMEZ R
My 3L eI fmeBTns ¥ 727
L. WEOMAZREEIIOVTIE, EMDRIT
I 20 0THY ., BRICEELEHMEE
ZAbNb, TOMHIIZ, IS5 OLEIEEKRDOM
FEE & BT IS TH % 05 AMERO B i
ICAET B BRI 2 A2 S OE B 2 T 5 72

20

15

10

Load (N)

— Load

Displacement (mm)

K6 BEOEEFBREICEDIATYIRFOEERE



4 b B I E e

Vol.19 (2012)

FOREZELTWELLTHLY 2F0,
INGEBIIE M BEEOEE LR 77 75— o
TWABIEEMEEDYE S N F X =7 ARE R H
5T MR E IR L TB BN D 5
EEZBND, TOZ ENLARIFETIE, AT
VA S 2L YN AL SR N R e G/ ¥
PRl A Z L ICE A
4.1 W/NETERBRIE DR

BRI 35 O BB A% 2 T 5121, R
7z T8 Iy O i LRI & GH 3 5 B A BT 2 B
AWFZETIE. 13853100 pm FEBE DX R AR O HE
W2 BE A2 L2 HIBLTWAD 20, 2
DOMEIZIZ, mN F—FOfEE um +— 5 DX

W7z,

L —H—ZfEt
I)_’?TJI—’;’
\méﬁﬁﬁ%ﬁzi—y

ﬁ

\
| smn
BEEO—Kel
(RO ARHR 7~
7 RO

\ L
CCDAAZ

MOFHI % ET 5, 2 TARETIE, 2Ot —
5 DA E & A % G R 7 SRR 2 7 72 (B g
L7ze 7B LOREIT, FI%E L 72/ B iR
ORIV ROERGEZRT, /20 K1
REHAZEE Ok Z R T WEZ IR 2T O
BEHEZ1I AT Y 78 3nm TEfET ALY T
7 Fax—% (PI4:# P-625 1CL) TiT> T\ 5,
TR, A RE 100 u N O E & T — F
)L (A&D # LC4001) # W THlE L TWw b,
F 7o BN EHINCIEAR D R UKL 0913 um o L —

W — 275 (KEYENCE #: # LK-H027K) % A
W7z,

F1 UVEERBREOLE

BRAFHBASO—7(um) 500
i REERORE (um/s) 1.4
=/\EEE(nm) 8.3
EBRE(N) 1.18

FAIE D BEEE(UN) 100
Z(RLHREE(Um) 0.913

B 2 A 2R 2 R JETERAT
ATy 7 REFEHMT AEIE. oo Tt
AT CTHHELTHERELTWS, Zhi, AIREEM
BBV T ESOMEOPE L L TEETH 5,

WETF—%1301kHz TH T 7L, 7—
A —IZRsk L T b, HWERRO—FZE 10
WCRT . MTIRI045D 17T =% 25w Tw»
LA ATy 7 ETOEMICETHE/ML T2

K8 AT THF Uiy Ve E s

X9 EEREDETFER



ORI TIZEH L2 EEDON, F A H =7 5

Load — Displacement curve of a test piece

6.0
L I’ Load (Test piece No.3)|
40
=
E
§ 20
3
|::ﬁE¥ﬁﬁﬂﬁLEﬂL\
00 [es 03‘."0‘“ (I O $‘ “’:.ooo
-1.0

0.0 2.0 4.0 6.0 8.0 10.0
Displacement (pum)

B10 GBS (C & DR E B D —p
BMIZHICMEABEML T WD EDbhrb, ik
T3 LI oBmEREFE L TR ZY >~
TREEMT 5,

412 HBWEVFEOHETFE

G OO X ¥ 7FREWET 72012,

HEHSIUTIORTHIBTEZREL TS 'Y,

Stepl. AF v Z7HE 155 10mm’ BEO/N T
R 21D, 20k SRR SEMN
DEZIMNELTW 2x2idsk L THE L,
WHRELIZAF v 7S o/NEEBZE 11
2y AN A D B LR L 72 ERBR T
O—BIZE12127R T,

Step 2. B O TEH~A 7 a X # CT Wifg%
B3 %o REBRTIZMIRMARIEL 26 um
LRRE L. 512 X512 ¥ 7 &)V OW{R TR
w L7

Step 3. s L7z X % CT MifEh S5 HRERET
VEERT 5. BT ¥ 77z T,

AR5 A F v 7 BT OER DAL

SIS A 2 LAV L 7 iR 7 — & &

T 5. AREFRIE. 13226 um ONIE

R7EIVTERHT 5,

Step4. X #t CTH#E LB o3k LT, /b
fif ERAER 2 AT\, WEBEEZEHIS %,

Step 5. AERFT O A BREEHRE 7V 124 HEAER &[]
FOBRLEME S 2T, FHERA L TEM
wmERD 5B,

K11 RFvIRFORRA

i 7o) )L~ —2 8

12 RFvIRFOHRA

RER S VR L 723 HT € 7V &6 I RBT O
MREEI3IIRT, ARERETIVIZ, EHER
K57 EHR, WEBR 70 TH 5. HIREEM
Mg, REICEELTHAIA—/N—T vy Ea—
% TSUBAME20 TAi1o 720 TV 7 b7 =71
MD-NASTRAN 2010 % ffJH L 7z

YV IROHER B TR T B3/
SIS X [ Tl E TR OE T EBRIGRIETH 5

EIRETHE, BIREAdEY V7R EDOMBRITK
ATERENS,
EAd = Const. (5)

BB, ABOEBIERBR OTIRTE & Bi R
G E 5o TRET B7200, AREFMEHT OREH &
MERBOBECIMOERE DO LICR
0. KD T Do

Ea A da = Ec A de (6)



6 b B I E e

Vol.19 (2012)

CZTEIARERET VI LTREL 72
YU IETHD, 2F 0. FNITOBERECTIIARE
FETIWITHEY Y v FREZHE L LR %
790 COFMICE > THRONLEMED Ad,
Thbo, T2 Adc IEFMAERIC BT 5 B ©
BRCTH Do BARMIZIZE 10 O FRFB TR L 718
EPLREEND, Ecld. RDODLREREH O
Y TRTH Do fil. K (6) OFTRAEIL E.
DATH L0, B/ OXY v FREWETE b,

AFHETIE, XHBCT TRHUTMRER R E 2 0%
22N CTH UL, 72 & 2 ARG THME 2 i
THo TOHHABERETNVIIKMEINS 2D, it
ko~ 7 a2 i E I TR 2 T —
Y aiGHZENTX D,

F 720 RI3 DI 5A % A5 LIS 15 A T
Bt um OFIRICRE I N TS, DF ), 2
DM TEADIELTEBY ., ZhrmE Ak
DEMNEE RS> TVDLEEZLNDLDT, TOH
BoY v rR2ER L TwWbAI kb, 2D
ERLRBRORE SITKSTIC, ETOWT%E
BZHZTECEVEA um OFEBOY ¥ 7R E K
HHIENTEDLWEENEDD 5.

K13 BRERETIVERDERERO—E]

43 V2> IUXREHIE
FR L7 EICLE>THEORIY VY IR ER
21CRT, BEHENAY v =L, 100MPa 70 5

£K2 CTEEYYIEDER

AR ES B R DONE V> 7%E(MPa)
No.1 POER 0D 4= b 178
No.2 RE D 613
No.3 POER 0D A 257

600MPa FEEE D & 7 > T b o lH O ) B 5k
BEMHLZZR6D L) ZWEREOT— 75
YRR LA 2MPa BEE 25 (R
F v 7 ETOELESmMm. ETOESESmm &%
L THEM) ., 2F 0. ~ 7 ol BEmMAEE & X
IR BT > TBY . MUNEIR OB
FWHEERARLERDE DL LEEZEZ T,

F -5 oREERTIE. RBAIEEZ3 Mo
ATHLVBAMEICRKELRBCDDH L LDD 5,
B No.2 i3, AT o FHHll TR S /e
YU rRTH Y, NHOFHEETEHHI S 7z Nol,
No.3 DY v FHLIERDL LEEHWEIZR > TWh,
ZhiE. AF v 7 EFORE TR TAELOMEIZ
0. MU ENHITHEOEVSHTWS 20T
X hEEZONLE, 2ZOLHIZHBLHIZE S
HEHOWPEEL D TARSN LR D 5.

Lk, MU 2R L2 EBZ1T) & &I,
BIRDORGZDAF v 7 2R E LU TREMICHE
MRHEE 2 R T & 72,

5. #£ @

KTk, BREEAMTEE L7727 5 —
EEZ SN EMNEMOBMEEICEE L. /T
1 70 BB 51 & 2 9 5 BRI 2 B % L 72
ZL T, ARERMBIEMAEDES 2 LTt
um A — NV OFIRDOY v FEPFERTHETH 5
T L ERIR LTz OIS O B YE L B9 2 1
JEIE, WSOV ERTH Y. 5% Hrogk
T CEBEHIZ 1T > T REDR D D, 2 O
DD LITL ), SR ARE A AT A
B & B E O BARA R A SRR T E 5 &
ICHDBEEZTVD,



RO TIZED LZBEONL T A =7 A 7

o

RWF7E 2 BT 5 % LT ZREMIEDEEZ G

D F L7zl B fan - SICILHREY IS0 X 0
DEZERLI Y,

X
D

2)

3)

4)

[
AL Z - MR ERTSHATEF, HANMG -2 MERE, Vol18-1,
pp.12-21 (2008)

VRIS, RBOS, filiBs, AR  “JE N7
7", A LA TH—F A (2005)

David Kilcast: “Texture in food Volume 2: Solid foods”,
Woodhead Publishing Ltd. (2004)

Szczesniak, A. S., Brandt, M. A. and Friedman, H.:
Development of standard rating scales for mechanical
parameters of texture and correlation between the objective
and sensory methods of texture evaluation, Journal of Food
Science, Vol.28, pp.397-403 (1963)

5)

6)

7)

8)

9)

Vincent, J. F. V.: Application of fracture mechanics to the
texture of food, Engineering Failure Analysis, Vol. 11, pp.
695-704 (2005)

IS BEEHEF-OT 7 AF v — WP 5098, H
AREF25E, Volb0-9, pp.903-914 (1999)

HEP LT ARG 2L — T M O Pk L RIS R
\TT IO, HEFY:, Vol.23-2, pp.174-179 (1990)

Ml EE, NBEZ, AR, GHEEScR KD/ F X
Jr =2 A O A i 0 PR A 55 (2 B AR 9 2 B 1 B o> i
HEBORHE), M & M2009 ¥ I A T7LV R,
CDROM, PSI3 (2009)

Manley, R. S., Pfaffman, C., Lathrop, D. D. and Keyser, J.:
Oral sensory thresholds of persons with natural and artificial
dentitions, Journal of Dental Research, Vol.31, pp.305-312
(1952)

10) Ren Kadowaki, Hitoshi Kimura, Norio Inou: Mechanical

Property of Crispy Foods Focusing on the Microstructue,
The 6th International Conference on Micro Manufacturing
ICOMM/2011, pp.685-690 (2011)



i LW FIBF7E 5 Vol.19 (2012)

Biomechanical study of food texture based on
micro-structure of crispy foods

Norio INOU
Department of Mechanical and Control Engineering

Tokyo Institute of Technology

This study deals with examining characteristic mechanical properties of crispy
foods. Crispy foods have a variety of inner structures and consequently have non-uniform
mechanical properties in the foods. These characteristics may be closely related to food
textures, but there are few reports on the theme.

To examine the characteristics of non-uniformity of the foods, we examined structural
patterns on cross-section of crispy snacks with principal component analysis. Eight kinds
of commercially available crispy snacks were scanned by an industrial X-ray CT. The cross
sectional images for the each subject were evaluated by the four characteristics: scale of
the subject, existence rate of food material for specified area of the object, variance of food
material for a specified space of the object, and deviation of food material. The principal
component analysis showed that these four characteristics were useful indications to classify
the crispy snacks from stand point of structural pattern. However, the mechanical properties
of the snacks are not cleared from this analysis.

For examination of mechanical properties of the crispy snacks, we developed a
compression testing machine on the micro-scale level and proposed a new estimation
method of Young’s modulus of crispy foods. The machine obtains a load-deflection curve
compressing a specified point of a test piece with 10~ Newton order loading force and 10
Meter order displacement.

Using the compression testing machine, we estimated Young’s modulus as the following
procedures. First, a small test piece was made from a snack and the cross-sectional CT
images were obtained. At the same time, a compression test with the test piece was performed
and the load-deflection curve was obtained. Second, the individual finite element model was
made based on the CT images. Third, stress analysis was performed. Since Young’s modulus
of food material of the snack on the micro scale level is unknown, a temporary Young’s
modulus E4 was given to all finite elements. The boundary condition of the model was set as
to be equivalent of the compression test. From the analytical result of deformation A d,, we
can finally estimate Young’s modulus E¢ by the equation E; A d,=E: A d. because we know
Ad. from the experimental data on the compression test.

The estimated values of Young’s modulus showed 100-600 MPa on micro-scale level
whereas 2 MPa was estimated from a common compression test on the macro-scale level. It
is cleared that there is much difference in Young’s modulus between micro- and macro- scale
level. The proposed estimation method of mechanical property will be useful for developing
new crispy foods.



